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ABSTRACT
This thesis presents the results of a number of experimental 
approaches to the problem of layer silicate preferred orientation in 
foliated rocks. The results and their relevance to the problem are 
discussed in terms of the published microstructural data and some new 
data presented herein. The experiments and their results may be 
divided into four groups thus:
(i) Deformation of biotite single crystals at various 
temperatures and in various orientations. The dominant 
operative slip systems are (001) <100> and (001) <130> , 
although there is indirect evidence of non-basal slip. 
Deformation occurs by kinking on (001), and it is 
considered that dislocations play a vital role in the 
formation and propagation of the kinks.
(ii) Recrystallisation of phlogopite single crystals and talc 
aggregates. It is concluded that the preformed nucleus 
(subgrain) induced recrystallisation commonly observed 
in metals and other silicates is very rare in layer 
silicates, due to their dislocation structure. Migration 
of kink boundaries, and bulge nucleation on these and 
grain boundaries seem to account for much of the 
recrystallisation, but chemically induced nucleation may 
be important.
(iii) Heterogeneous, partially brittle deformation of talc
aggregates. Fine-grained talc aggregates enclosed in 
strong steel jackets generally deform on a number of 
discrete shear zones at 3 kbars confining pressure.
The orientation of these zones and that of the talc within 
them, together with an estimate of the strain distribution 
across them are discussed in terms of foliation genesis by 
shear parallel to the foliation planes.
(iv) Growth of synthetic phlogopite from its chemical, components 
during and prior to deformation. It is suggested that 
grain rotation is not as important as suggested by 
similar experiments, but rather that physical constraints 
on the growth of inequidimensional crystals during 
deformation contribute most to the preferred orientations 
observed. The effect of anisotropic elasticity on crystal 
growth in a stress field is also rejected.
Four groups of micaceous rocks displaying characteristics relevant 
to these experiments are described and discussed. Finally, all of the 
results of the project are collated and considered in terms of existing 
theories on the preferred orientation of mica and the genesis of 
foliated rocks. The prevalent theories of mica orientation are 
considered to be inapplicable to the general case and-re-asons are 
presented. It is concluded that crystal anisotropy, physical and 
spatial constraints, and the supply of material ingredients may be 
important, and are certainly overlooked in most cases.
CHAPTER 1
INTRODUCTION
1.1 General Statement
Most structural geological research is concerned with the 
understanding of the conditions (viz., temperature, pressure, stress 
and strainrate) imposed during a deformational event, and how these 
conditions may be predicted from the preserved rock fabric. Such 
research can be divided into two principal branches.
(i) Detailed observation of the various aspects of rock 
fabrics, and their interpretation in the light of the 
existing physical, theoretical and chemical framework.
(ii) Direct theoretical or experimental determination of the 
physical properties of rocks and their components under 
set conditions, to increase the scope of this framework.
The bulk of the 'work described in this thesis has taken the second 
approach. The results of a variety of experiments on a selected group 
of minerals common in deformed rocks (viz., the layer silicates) are 
presented with the intention of contributing to the present physical 
framework, especially with regard to foliation or cleavage in rocks.
Perhaps the first recognised (Bakewell, 1813), and certainly the 
most common fabric element in deformed rocks is foliation. In this 
thesis, the term foliation will be used to include all planar to linear
fabric elements which are defined, at least in part, by the preferred
2orientation of inequidimensional mineral grains. It encompasses the 
commonly used terms ’cleavage', ’schistosity', 'fissility', and 
'gneissosity'. The inclusion of linear fabric elements in this 
definition is deliberate, as it is considered that there is a complete 
gradation between planar and linear mineral orientation patterns, and 
that they merely reflect the symmetry of the deformation. Of course, 
linear fabric elements defined by the intersection of two planar 
features or by the regular crenulation of an earlier foliation are not 
included in present considerations. Relevant examples are the mineral 
lineations parallel to fold axes in high-grade rocks or down the dip 
of the foliation in low-grade rocks, where the lineation is a reflection 
of mineral orientation and distribution.
The obvious symmetrical relationship of foliation to folds and 
other aspects of a deformed sequence has prompted many theories as to 
its kinematic and dynamic significance since early last century. It is 
considered that little has been contributed to our understanding of the 
problem, especially in the last 60 years. However, it is indisputable 
that the physical character of foliation is inherent upon the preferred 
orientation of at least one of the constituent minerals of the rock, 
generally a layer silicate. It is thus the aim of this thesis to 
contribute some experimental evidence on the response of various layer 
silicate minerals and aggregates to a range of deformation conditions, 
hoping to provide some rational basis for future detailed field 
descriptions.
3The remainder of this chapter briefly outlines the problems of rock 
foliation and mineral preferred orientation, and the theories advanced 
to explain them. They are discussed in more detail throughout the thesis, 
this summary being intended only to highlight the problems involved.
1.2 Summary of the Cleavage Problem
Observation and interpretation of roGk foliation date back at least 
to the beginning of the nineteenth century (Bakewell, 1813), but the 
first detailed work was that of Sedgwick (1835), followed by that of 
Sharpe (1846), Sorby (1853, 1856) and Phillips (1857). Already, opinion 
was divided as to the significance of the foliation plane in relation to 
the stresses and/or strains involved in the deformation, and also on the 
mechanism of reorientation of the platy minerals that define the foliation. 
Sedgwick suggested that the platy minerals crystallised at high angles 
to the shortening direction, and that the foliation was defined by this 
mineral orientation alone. In contrast to this were the mechanical 
theories of Sharpe and Laugel (1855), the former proposing bodily 
rotation of inequidimensional grains into an orientation normal to the 
’compression', and the latter concluding that the plane was a shear 
surface, the minerals being rotated by the shearing process.
The 'crystalline' theory of Sedgwick was not greatly favoured 
initially, but the 'shearing' versus ’compression' argument raged on into 
the early twentieth century (Fisher, 1884, 1885; Harker, 1885, 1886; 
Phillips, 1886; Van Hise, 1898; Becker, 1893, 1904, 1907; Leith, 1905).
4At this stage, the role of preferred mineral crystallisation during the 
deformation was returned to prominence by Becke (1913) invoking 'Rieke's 
principle’.
Except for the addition of various refinements of detail as they 
came into vogue (viz., intracrystalline slip, after the work of Sander, 1930, 
and the role of pore fluid pressure in low-grade rocks, Maxwell, 1962), the 
problem seems little nearer to solution today. The work of Cloos (1947) 
seemed to rule against the ’shearing1 hypothesis, but it still has its strong 
advocates (Gonzaley-Bonarino, 1960). Also, the thermodynamic treatments of 
Kamb (1959) and MacDonald (1960) lent some support to the role of 
crystallisation in defining foliation, especially among the European 
workers (e.g., Hartman and Den Tex, 1964). However, most of the more 
recent literature favours the mechanical reorientation of small 
inequidimensional particles into a plane normal to the shortening direction. 
This is usually said to be enhanced by high pore fluid pressures in water- 
rich sediments (Maxwell, 1962; Moench, 1966), and to be retained with 
increasing metamorphic grade by ’mimetic growth’ of new platy minerals 
on the mechanically reoriented nuclei (Oertel, 1970; Braddock, 1970).
These ideas have some experimental basis in the results of Means and 
Paterson (1966) , which were interpreted as indicating that rotation of 
platy mineral grains was the main orienting mechanism in their synthetic 
phlogopite aggregate specimens. All of these grain rotation mechanisms 
imply that the foliation plane is normal to the direction of maximum
shortening (or parallel to the plane of the strain ellipsoid) .
At this stage we could summarise the theories of foliation
5
genesis, in a general order of decreasing popularity, as:
(i) Formation parallel to the £ ^ 2  plane °f the strain ellinsoid, 
by mechanical reorientation of inequidimensional particles 
into this plane (cf. Braddock (1970) and Powell (1969)
for variations on this theme)*
(ii) Crystallisation and growth of mineral grains in a 
preferred orientation defining the foliation. The grains 
may form with their shortest dimension parallel to either 
a-^ or e^ , or normal to a pre-existing planar structure in 
the rock.
(iii) Foliation is a plane of high shear strain along which 
rupture has generally taken place. It may form at various 
angles to or a,, and may rotate towards one or both of 
them during the deformation.
1.3 The Problem of Mineral Preferred Orientation
It can be seen from the above discussion that two separate approaches 
have been made to solving the problem of foliation genesis. The first 
of these attempts to relate the geometric foliation plane to the stress 
and/or strain distributions of the deformation. The second is merely
■kIn this thesis, , e and are respectively the longest intermediate 
and shortest principal axes of the material strain ellipsoid. Conversely, 
in accordance with normal but not strictly accurate usage, o^, and 
are respectively the greatest, intermediate and least principal stresses 
(compression is positive).
6concerned with the origin of the mineral orientation and distribution 
which defines the foliation. Since little is known of the detailed 
strain in rocks and nothing is known of the stress distributions which 
gave rise to these strains, especially on the grainsize scale, it is 
considered that the latter approach may be more valuable at this time. 
Accordingly, a brief summary of the various methods by which mineral 
grains may become oriented is given here. Where relevant, more detailed 
discussion of the various mechanisms is given throughout the thesis.
1.3.1 Bodily Rotation of Grains in a Deforming Matrix
Simple model experiments along this line were performed by Sorby
as early as 1856, but only recent sophistication of experimental
techniques has seen development of this work under more realistic
conditions. Sorby carried out simple compression tests on clay
containing an initially random orientation of flaky iron oxide particles.
Compression of this produced a preferred orientation of the iron oxide flakes
normal to the shortening direction (e^), and a tendency of the mass to cleave
parallel to this mineral orientation. Since then, a number of similar
experiments have been carried out on clay mineral aggregates. These 
*
have investigated the effects of compaction (volume decrease during 
dewatering) and deformation on the preferred orientation and distribution 
of the clay particles on the microscale (Weymouth and Williamson, 1953; 
Buessem and Nagy, 1954; Meade, 1966; Morgernstern and Tchalenko, 1967a; 
Clarke, 1970).
7Perhaps more relevant, however, is the limited amount of work 
carried out at high temperatures and pressures, primarily by Means 
and Rogers (1964) and Means and Paterson (1966). Most of their 
experiments were carried out on synthetic aggregates of various 
minerals, and the similarity of cold- and hot-deformed fabrics has 
been put forward as indicating a dominant grain rotation mechanism for 
layer silicate reorientation (Means and Paterson, 1966). A brief 
report of similar experiments by Tullis (1968) purported to show that 
recrystallisation contributed significantly to the preferred orientations 
he achieved (somewhat higher than those of Means and Paterson), but 
details of his results are as yet unpublished.
Theoretical treatment of the rotation of rigid inequidimensional 
particles in a deforming matrix has predicted preferred orientations as 
a function of strain (March, 1932). However, the problem of mutual 
interference of particles, which would seemingly be important in rocks, 
is apparently difficult to treat (Mason and Manly, 1956). This fact, 
together with the likelihood of intracrystalline deformation, renders 
direct comparison of experimental or natural results with the theory of 
March (cf. Oertel, 1970) somewhat tenuous.
1.3.2 Cold-working Intracrystalline Deformation
Cold-working in the metallurgical sense applies here to the 
deformation of a mineral aggregate by intracrystalline slip and twinning, 
at a temperature where interaction between dislocations is appreciable. 
Von Mises (1928) and Taylor (1938) showed that for an aggregate to
8deform homogeneously by crystalline slip alone, there must be five 
independent slip systems available. Taylor was also able to predict 
the preferred orientation patterns developed by various deformations, 
if the operative slip systems are known and the strain is assumed to be 
homogeneous throughout the aggregate. It has since been shown that some 
of Taylor's (1938) calculations were in error (Bishop and Hill, 1951), 
but also that his approach can handle the case of inhomogeneous strain 
within grains (Wonsiewicz and Chin, 1970). Most of the theoretical 
predictions of preferred orientations obtained using the Taylor-Bishon 
and Hill methods have been verified experimentally.
The group of metals most closely approximating the slip behaviour of 
the layer silicates (viz., the hexagonal close-packed group) have been 
shown to orient their dominant (basal) slip plane normal to during 
polocrystalline deformation (Calnan and Clews, 1951). The Taylor-Bishon 
and Hill type of treatment has recently been applied with success to some 
rock-forming minerals (Siemes, 1970; Saynisch, 1970; Hobbs, in press (b)). 
However, the rarity of monomineralic layer silicate aggregates in nature, 
and the paucity of deformed grains of these minerals in foliated rocks 
may limit the application of this approach to the origin of rock 
foliation.
1.3.3 Recrystallisation and Crystallisation**
The possibility of the mineral orientation defining foliation being
In this thesis, the use of the term recrystallisation will be restricted 
to within the limits set by the definition of Beck and Hu (1966), that is, 
the migration of high-angle boundaries in a crystal aggregate. The 
separate process of the growth of discrete crystals from their chemical 
constituents is here defined as crystallisation.
9the result of crystallisation controlled by stress and/or strain dates 
back to Sedgwick (1835). However, the driving force for such preferred 
crystallisation is still debated, and may come from at least one of the 
following sources:
(i) Internal strain energy in the form of defects in a 
deformed crystal
(ii) The thermodynamic effects of non-hydrostatic stress on 
elastically anisotropic minerals.
(iii) Anisotropic surface or grain-boundary energies, 
especially under non-hydrostatic stress.
(iv) Constraints on the crystallisation of inequidimensional 
grains due to various factors in a deforming aggregate.
The first of these is the established mechanism for recrystallisation 
in metals. It is achieved by the tendency for a decrease in the dislocation 
density (i.e., internal strain energy) in a deformed crystal. This occurs 
primarily by movement of the dislocations into stable arrays or walls, where 
dislocations of opposite sign attract and annihilate one another. These 
walls surround essentially dislocation-free regions (subgrains) which are 
slightly misoriented with respect to adjacent areas. This stage in the 
process of energy-lowering is called recovery. The mechanism by which 
recrystallisation proceeds after this is still debated, but it seems 
most likely that the subgrains amalgamate by some process of growth or 
coalescence (Hu, 1962; Li, 1962; Walter and Koch, 1962). As this 
subgrain coalescence proceeds, higher and higher angle misorientations
are formed across their walls until there are a number of discrete
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nuclei bounded by high-angle boundaries. Selected ones of these 
nuclei then grow, especially those with a specific angular relationship 
with the material into which they are growing. It has been shown 
(Aust and Rutter, 1962) that these specific angles relate to some 
lattice coincidence between adjacent grains, but the actual reason 
for the increased mobility of these coincidence boundaries is still in 
question (Aust, 1969; Gordon and Vandemeer, 1966; Lücke and Stüwe, 1962). 
It is well documented (cf., Dillamore and Roberts, 1965) that specific 
preferred orientations are obtained by recrystallisation under given 
conditions after a particular cold-working process.
The second driving force has been derived from Gibbs’ (1906) 
thermodynamic theory of the behaviour of phases under non-hydrostatic 
stress by Kamb (1959) , MacDonald (1960) , Ito (1966) and de Vore (1969). 
Each of these derivations is based on a particular model of an aggregate 
of mineral grains with an interstitial fluid. It is thought that the 
reasoning of Kamb (1959) in this regard is most relevant to what is 
required in this thesis, and his solution will be used where applicable. 
He considered the case of a cube of mineral surrounded by a fluid 
medium containing dissolved components, the whole system being able to 
support and transmit non-hydrostatic stresses. Kamb then derived 
expressions for the chemical potential of the solid components in the 
fluid across various crystallographic planes in the crystal, in terms 
of the deviatoric stress and the elastic constants of the crystal.
The effect of surface energy and grain boundary energy on crystal 
growth in metal aggregates has been extensively treated by Smith (1964),
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and estimates of the driving force of each for face-centred cubic metals 
are given by Lücke and Stüwe (1962, p. 177). The surface energy 
calculated by them, however, is that of thin sheets of polycrystalline 
metal, rather than that of individual crystal surfaces, which is more 
relevant to this question. Also, there is no theory developed for the 
effects of strain or non-hydrostatic stress on the surface energy of 
crystals, nor has it been investigated experimentally. The only 
relevant effects noted are the prevalence of boundaries across which 
there is a specific misorientation, presumably due to the lower 
interfacial energy of such boundaries (Smith, 1964; Aust, 1969), and 
the preference for certain rational crystallographic planes as boundaries 
in some structurally heterogeneous substances such as the layer silicates 
(Vernon, 1968).
Similarly, the theory for growth of crystals from solution, vapour 
or melt has included neither the effects of stress nor strain, except 
for the elastic strain treatments corresponding to that of Kamb (1959) 
outlined above. In fact, Strickland-Constable (1968, n. 282), in his 
review of crystal growth processes, states that the mechanisms of normal 
crystal growth are far from understood, so it is not surprising that the 
effects of deformation on complex systems such as silicate growth in 
rocks have not been investigated. All that can be stated with any 
certainty is that crystal growth rates from a solution containing its 
chemical components depend on the concentrations of the components, and 
that unique, flat, rational crystal faces tend to form. In strongly 
inequidimensional crystals such as the layer silicates, where one
12
dominant crystal face tends to form, growth rates vary markedly 
parallel and normal to that face. Thus, any constraints on the 
directions of supply of constituents to a growing crystal aggregate 
will affect the growth of crystals of one orientation more than that 
of others, perhaps producing a preferred orientation.
1.4 Aims and Outline of Thesis
It is conceivable that any one or any combination of the grain 
reorienting mechanisms outlined above could contribute to the layer 
silicate preferred orientations in foliated rocks, at least on the 
basis of the information now available. The primary aim of this thesis 
is thus to establish experimentally some limits on each of these processes 
with respect to the layer silicate group of minerals, over a range of 
likely geological conditions.
The general experimental techniques are outlined in chapter 2, 
together with a discussion of the detection and elimination of errors, 
especially in the x-ray measurement of mineral preferred orientation.
The experiments themselves are divided into four groups as set out below, 
and are described and discussed in chapters 3 to 6 respectively.
(i) Determination of the intracrystalline deformation 
mechanisms of mica single crystals, and their role in 
the cold-working of mica aggregates.
(ii) The hot-working, and the cold-working followed by 
annealing of phlogopite single crystals and talc 
aggregates, to study the effects of recrystallisation
13
of deformed layer silicates on their preferred 
orientation, and the conditions under which it may 
occur.
(iii) The inhomogeneous deformation of talc aggregates 
primarily to study the orientation of layer silicate 
minerals in shear zones, before and after annealing.
(iv) The deformation of synthetic aggregates of phlogopite 
before and after mineral growth, under various 
conditions of temperature, strain, strainrate and 
pore fluid pressure. This work is intended to compare 
the effectiveness of bodily grain rotation and preferred 
crystal growth from components as orienting mechanisms, 
and to establish the controls over the latter, if it is 
important.
In addition, a few selected micaceous rocks have been described in 
chapter 7. These rocks either display textures which directly compare 
with those achieved experimentally, or they are used to back up a 
specific conclusion where data is not available in the literature. 
Finally, chapter 8 discusses each of the above mineral reorientation 
mechanisms in terms of the results presented, and draws some conclusions 
as to the important mechanisms under various geological conditions.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES
2.1 General Statement
The general aspects of specimen preparation, treatment and 
examination applicable to a large number of the experiments are described 
in some detail in this chapter, together with the apparatus used for 
deformation. However, specific techniques restricted to a particular 
group of experiments are outlined in the relevant sections of the thesis. 
The methods used are generally adapted from previous work in similar 
fields (e.g., Means and Paterson, 1966; Borg and Handln, 1966; and 
M.S. Paterson, pers. comm.), but any new techniques are specified and 
the reasons for them outlined. Emphasis is placed on the precision of 
the results quoted, especially in the case of x-ray fabric analysis, 
upon whose results many of the conclusions are based, and which are 
subject to numerous sources of error.
2.2 Specimen Preparation 
2.2.1 Synthetic Phlogopite
The specimen material from which the synthetic phlogopite was grown 
consists of a mixture of chemicals containing only the required 
components. The chemicals used were:
Silicic Acid - Mallinkrodt (containing 10.2% water)
Aluminium Oxide - Analar AR (chi-alumina + corundum)
Magnesium Oxide - Analar AR (calcined)
15
Potassium Carbonate - Analar AR
It was intended to preserve stoichimetry of the solid phases, so 
that all excess material would be in the vapour phase (viz., H^O and CO^) 
in the event of 100% reaction of the components. However, due to an 
inconsistency between the labelled and actual water content of the 
silicic acid, most runs contained excess silica, in addition to water 
and carbon dioxide.
The phlogopite mix was prepared in 100 gm to 200 gm batches as 
required. The chemicals were weighed out and thoroughly mixed prior 
to each extraction of 10 gm to 20 gm lots for grinding. To ensure 
optimum mixing and better reaction, the mixture was ground in a 
mechanical mortar for varying lengths of time up to 24 hours. The 
effects of variations in this grinding time on the phlogopite yield, grainsize 
and preferred orientation were investigated in the early stages (cf. 
chapter 6). It was decided that two hours grinding produced the optimum 
results, and this time was employed for most of the experiments.
After grinding, the powder was weighed out into 1.0 + 0.1 gm lots for 
preparation of the sample pellets for deformation. These pellets were 
compressed in a thick-walled steel (SD50) cylinder of 9.90 mms internal 
diameter, using tightly fitting "Nylotron" endpieces and a loosely 
fitting steel piston. A force (including friction) equivalent to about 
3 kilobars confining pressure was applied to the specimen in a simple 
hand-pumped press. Finally, the specimen ends were squared off on fine 
abrasive paper, and the length and diameter measured to + 0.01 mms.
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2.2.2 Natural Mica and Talc Specimens
All of the natural rock and mineral specimens were obtained by coring. 
The mica single crystals presented many problems in the coring process, 
and less than 25% recovery of workable specimens was achieved using 
a diamond coring drill. Attempts to use an ultrasonic drill, with the 
intention of reducing mechanical specimen damage were unsuccessful, 
apparently due to the destructive nature of the much larger amount of 
water present during the operation. The polycrystalline talc presented 
few problems, although the specimen recovery decreased with increasing 
grainsize.
Many of the specimens were deformed in stainless steel jackets, in 
an attempt to produce more homogeneous plastic deformation (viz., the 
mica single crystals), or to perhaps inhibit wholesale brittle shear failure 
(viz., the polycrystalline talc) by placing radial constraints on the 
specimen. For these experiments, 7 mm. diameter cores were obtained and 
jackets of 9.90 + 0.05 mms outside diameter were machine to fit each 
core. Since the effects of the strong jackets were only partially 
successful for the fine-grained talc at 5 kbars (the working limit of the 
high-temperature apparatus), some specimens were deformed cold (approx.
20°C) at 8 kbars in the room-temperature rig and annealed in the high- 
temperature one. These specimens were cored to 9.90 + 0.10 mms diameter 
and deformed in thin-walled (0.1 mm thick) annealed copper jackets.
2.3 Deformation Apparatus
Most of the experiments were carried out in the constant strainrate 
gas apparatus developed and described by Paterson (1970). A few runs
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on fine-grained talcs were done in the room-temperature, liquid-medium 
rig (Paterson, 1964). In some other experiments where rigid control 
over the deformation could be sacrificed to obtain higher temperatures 
(greater than 900°C) and pressures (greater than 5 kbars), the solid 
pressure-medium apparatus designed by Griggs (1967) was used.
Since these apparatus have been described in some detail elsewhere, 
only the limits and precision of the various quantities measured will 
be given here. In the gas-medium apparatus (Paterson, 1970) most 
experiments were carried out at 3 kbars, with a few up to 5 kbars.
The pressure was held constant at the required value by a trip switch 
on the recorder connected to the intensifier pump. The error in pressure 
was no greater than + 5%. Temperatures of up to 900°C were achieved by 
means of two internal Nichrome furnaces in series. A variable resistor 
in the circuit of one of the furnaces provided a means of balancing the 
heat production of the two, thus ensuring a minimum temperature gradient 
(less than 5°C) along the specimen. The temperature was measured by 
a Chromel-Alumel thermocouple resting on top of the specimen, or by 
calibrating two thermocouples fixed permanently in the furnace against 
specimen temperature with a thermocouple placed inside a hollow dummy 
specimen. In the first case, error in recording temperature was no 
greater than 5°C, but it could be up to 10°C or slightly more with the 
second arrangement. Load on the specimen was measured with an internal 
load cell, thus removing the troublesome friction correction. The 
precision of this device is + 25 bars at the low to moderate loads of 
these experiments. An external linear variable differential transducer
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was used to measure the displacement of the two yokes with respect to
each other during straining. Knowing the elastic behaviour of the
3apparatus (correction of 0.1 mms/10 kg), the true change in length of 
the specimen could be determined to within + 1%. Stress-strain curves 
were determined from this corrected change of specimen length, and the 
stress calculated from the recorded load and the changing cross-sectional 
specimen area during deformation (calculated assuming no barrelling or 
volume change).
Stress-strain data from the other apparatus was not required, so 
load and displacement measurement precision was not calculated. The 
liquid pressure-medium apparatus Paterson (1964) was run at 8 kbars 
confining pressure, the recorded pressure being correct to + 2%. The 
Griggs apparatus (Griggs, 1967) was run at 10 + 1 kbars, and up to 1250°C 
The confining pressure is measured from the oil pressure on the piston 
loading the talc pressure medium, and is subject to the normal friction 
errors which apply to such systems (Edmond and Paterson, 1971). 
Temperature is reached via a graphite furnace surrounding the specimen, 
and is measured by a chromel-alumel thermocouple adjacent to the specimen 
Figure 2.1 shows this arrangement and the likely temperature gradients 
in the specimen as determined by Carter and Ave’Lallement (1970).
2.4 Specimen Treatment
Treatment of deformed material for optical or x-ray examination 
involves preparation of one or two thin sections from each specimen.
The specimen is impregnated with an epoxy resin with the aid of a vacuum
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pump, and two adjacent slices are cut normal to the direction of least 
strain, from the centre of the specimen. An optical thin section is 
prepared from one of these slices in the normal way, with additional 
thinning and/or polishing in some cases. Since the deformation of most 
of the samples produced axially symmetric strains, complete x-ray analysis 
of the fabric can be obtained from a single traverse containing the 
symmetry axis. Thus, measurement is carried out using transmitted 
radiation through a section parallel to the one obtained above. This 
second slice is stuck on to a glass slide with Lakeside cement and 
ground to about 300y thickness on dry carborundum paper. The resultant 
section is then lifted off the glass with a strip of clear adhesive tape 
by melting the cement.
2.5 Specimen Examination
Apart from standard thin-section description, most specimens were 
subjected to quantitative analysis by x-ray or optical methods. These 
methods include the study of diffractometer and texture goniometer 
patterns, modal analysis of thin sections, and universal stage measurement 
of selected crystallographic features.
2.5.1 X-ray Fabric Analysis
Preferred orientation of the basal planes of phlogopite and talc 
was measured with a Philips PW1078 X-ray texture goniometer, on a 
Philips PW1010 X-ray generator using CuKa ratiation from a point source.
The apparatus and specimen arrangement is shown in figure 2.1, and is
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described in some detail by Schulz (1949). One disadvantage of this 
apparatus is that 20 and 0 settings can only be made with an accuracv 
of about + %°. However, this can be partially overcome by scanning 
across the required reflection by varying these settings to find the 
peak. Approximate location of each reflection was carried out by running 
diffractometer patterns of powdered material on a Philips PW1050 
diffractometer. Quite a number of modifications were made to the basic 
texture goniometer in order to scan small regions of specimen, and to 
remove inherent machine errors which are evident at low values of 20 
(less than 12° to 15°).
The collimated beam size at the specimen of the standard apparatus 
is about 5 mms x 3 mms and rectangular. Thus, for specimens with 
uniformly deformed areas down to 2 mms x 8 mms in size, this beam would 
overlap onto the less deformed regions of the specimen giving rise to 
anomalous preferred orientations. Also, a rectangular beam scans nuite 
different areas of the specimen during rotation through 4) (fig. 2.3), 
which would accentuate the previous anomaly in heterogeneous specimens.
To eliminate these errors a finer collimator was designed to Philips’ 
specifications, producing a beam of circular cross-section just over 1 mm 
in diameter at the specimen. With the specimen placed centrally in the 
holder, this beam scans only the uniformly deformed part of the section 
during 360° rotation through 4>, even with a 5 mm oscillation of the 
specimen. The beam divergence from this collimator is less than 1°.
Serious errors are encountered if the (003) basal reflection is 
used instead of the (001) peak, as was done by Means and Paterson (1966)
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and in the early party of this work. The (003) (20 = 26.3°, Yoder and 
Eugster, 1954) peak was originally preferred because of systematic 
variations in the background intensity at low (less than 15°) 20 values, 
due to x-ray scatter from the collimator and receiving slit assembly. 
However, it was later realised (W.D. Means, pers. comm.) that two strong 
reflections ((022) and (112)) are present immediately adjacent to the 
(003) peak in phlogopite. Using an x-ray beam of 3° to 5° divergence, 
as did Means and Paterson, diffracted x-rays from both of these peaks 
would be recorded by the counter, in addition to those from (003). Since 
these reflections each have intensities of about 40% of that of (003) 
in a random aggregate (Yoder and Eugster, 1954), the recorded intensity 
from the specimen at the peak thought to correspond to (003) is markedly 
greater than that from (003) alone. Also, since they lie at 50° and 42° 
to (003) respectively, their contribution to the recorded intensity will 
vary with <j> in a different way to (003) , thus affecting the preferred 
orientation calculations.
In addition, the (003) peak is almost coincident with the (1011) 
reflection of quartz, which is present in significant amounts in both 
reacted and unreacted samples. X-rays diffracted from this plane will 
not affect the shape of the curve of intensity versus <j>, but they will 
contribute a constant value to this intensity, which however is not 
present in the background recordings. Thus the value of measured 
intensity minus background will always be greater than should be.
Both of the above errors will tend to reduce the preferred orientation 
index (P.0.1.) as calculated along the lines of Means and Paterson 
(1966), but they may be removed in either of two ways:
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( i )  By m o d i f y in g  t h e  t e x t u r e  g o n i o m e te r  t o  remove t h e  
anomalous s c a t t e r  a t  low v a l u e s  of  2 0 ,  so t h a t  t h e  P . 0 . 1 ,  
can  be  c a l c u l a t e d  from t h e  (001)  (20 = 8 . 7 ° ,  Yoder and 
E u g s t e r ,  1954) c u r v e ,  away from any o t h e r  p e a k s .
( i i )  By c a l c u l a t i n g  t h e  t h e o r e t i c a l  c o n t r i b u t i o n  of  x - r a y  
i n t e n s i t y  f rom e a c h  s o u r c e  a t  20 = 2 6 .3 °  ( (003 )  of  
p h l o g o p i t e ) , and s u b t r a c t i n g  them from t h e  o b s e rv e d  
i n t e n s i t i e s .
Both o f  t h e s e  methods were  t r i e d ,  t h e  f o rm e r  b e in g  more s u c c e s s f u l .  
The t h e o r e t i c a l  c o r r e c t i o n  l a c k e d  p r e c i s i o n  b e c a u s e  o f  t h e  i n a b i l i t y  t o  
d e t e r m i n e  t h e  c o n t r i b u t i o n  o f  t h e  s i l i c a  r e f l e c t i o n  to  t h e  measured  
i n t e n s i t i e s .  However , as  w i l l  be o u t l i n e d ,  i t  was d e v e lo p e d  as  f a r  as 
p o s s i b l e  i n  an a t t e m p t  t o  c o r r e c t  t h e  d a t a  of  Means and P a t e r s o n  ( 1 9 6 6 ) ,  
so t h a t  t h e y  may be  compared s a t i s f a c t o r i l y  w i t h  t h i s  work.
2 . 5 . 1 . 1  A p p a r a tu s  M o d i f i c a t i o n
To d e t e r m i n e  t h e  v a r i a t i o n  w i t h  20 of  t h e  s c a t t e r e d  ba ckground  
r a d i a t i o n  from p a r t s  of  t h e  g o n i o m e t e r ,  a d i f f r a c t o m e t e r - t y p e  s c an  was 
r u n ,  u s i n g  a b l a n k  specimen  of  a d h e s i v e  t a p e  backed  by a l a y e r  o f  
L a k e s id e  cement .  Th is  was done by p l o t t i n g  t h e  r e c o r d e d  i n t e n s i t y  as  20 
was i n c r e a s e d  by sm a l l  i n c r e m e n t s  f rom 3 ° .  The c u r v e  (A) i n  f i g .  2 . 4  
i l l u s t r a t e s  t h e  r e s u l t s  u s i n g  t h e  f i n e  c o l l i m a t o r .  I t  was unchanged  
as <J> was v a r i e d  be tw een  0° and 9 0 ° ,  so t h e  p o s s i b i l i t y  of  i n t e r f e r e n c e  
by t h e  spec im en  h o l d e r  was d i s c o u n t e d ,  s u g g e s t i n g  t h a t  t h e  anomaly cou ld  
o n ly  be due to  x - r a y s  s c a t t e r e d  from t h e  c o l l i m a t o r  t i p  o r  r e c e i v i n g
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s l i t  a s se m b ly .  A b r a s s  s h e a t h  f i t t e d  o v e r  t h e  end of  t h e  c o l l i m a t o r  
( f i g .  2 . 2 ( b ) )  m e r e ly  c u t  down t h e  i n t e n s i t y  o f  t h e  s c a t t e r  ( f i g .  2 . 4 ,  
c u rve  B) w i t h o u t  removing t h e  low 20 anomaly .  As t h e s e  low 20 v a l u e s  t h e  
u n d i f f r a c t e d  beam from t h e  c o l l i m a t o r  t h ro u g h  t h e  spec im en  im pinges  on 
t h e  r e c e i v i n g  s l i t  a s s e m b ly ,  and t h e  CuKa r a d i a t i o n  c o u ld  cause  t h e  
i r o n  i n  t h i s  a s sem b ly  t o  f l u o r e s c e ,  g i v i n g  r i s e  t o  i n d i r e c t  r a d i a t i o n  
a t  t h e  c o u n t e r .  To combat  t h i s ,  a s h e e t  o f  1 mm t h i c k  c o p p e r  f o i l  was 
a t t a c h e d  t o  t h e  f r o n t  o f  t h e  r e c e i v i n g  s l i t  h o u s in g  ( f i g .  2 . 2 ( b ) )  i n  
such a way t h a t  i t  can be b e n t  up o r  down t o  c u t  o f f  t h e  d i r e c t  beam 
b e f o r e  i t  r e a c h e s  t h e  h o u s i n g ,  w i t h o u t  i n t e r f e r i n g  w i t h  t h e  d i f f r a c t e d  
beam. The i n t e n s i t y  v e r s u s  20 cu rv e  (C) o f  f i g .  2 . 4  shows t h e  
e f f e c t i v e n e s s  o f  t h i s  a r r a n g e m e n t ,  and ,  by u s i n g  t h e  s l i g h t l y  more 
d e t a i l e d  b a c kg round  c o u n t i n g  t e c h n i q u e s  d e s c r i b e d  b e low ,  some c o n f i d e n c e  
i n  t h e  p r e c i s i o n  of  t h e  b a c kg round  c a l c u l a t i o n  i s  a c h i e v e d .
2 . 5 . 1 . 2  T h e o r e t i c a l  C o r r e c t i o n  o f  (003)  P . O . I .  Values
From t h e  o u t l i n e  g i v e n  above ( 2 . 5 . 1 )  i t  can be s e e n  t h a t  t h e  
m easured  d i f f r a c t e d  x - r a y  i n t e n s i t y  a t  2o = 2 6 .3 °  and <j> (1^)  can be 
e x p r e s s e d  a s ;
A .  T _1_ T _L T
M 003 022 112 SIL BGD ( i )
w here ;  I qq -^ = t h e  c o n t r i b u t i o n  o f  x - r a y s  d i f f r a c t e d  by (003)  p l a n e s  a t  <j>
1 ^ 2 9  = t h e  c o n t r i b u t i o n  o f  x - r a y s  d i f f r a c t e d  by (022) p l a n e s  a t  <J>
1 ^ 2  = t h e  c o n t r i b u t i o n  o f  x - r a y s  d i f f r a c t e d  by (112) n l a n e s  a t  cf>
I  = t h e  c o n t r i b u t i o n  o f  x - r a y s  d i f f r a c t e d  by ( l O l l )  u l a n e s
u -LLi
o f  s i l i c a
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IDr,_ = background radiation intensity. iSGb
Since the (112) peak is almost 2° away from the (003) peak
(Yoder and Eugster, 1954), and the divergence of the finely collimated
beam is less than 1°, no x-rays from (112) will be recorded at 29 =
26.3°, and _ will be zero. and I can be measured directly from llz M  üvjU
the charts (cf. section 2.5.3 for details of background measurement),
and I is assumed to be a constant which cannot be directly determined, b
but which may be given various values for the purpose of this
calculation. Thus, equation (i) may be written:
t 1^ = (ii")V  003 022 Ui;
where, I*, = I* - (XgIL + IßGD) = I* - constant.
Thus, if we can measure 1^. and express I^L_ in terms of ijL., then * M 022 003
equation (ii) can be solved for Iq q  ^ to gi-ve the correct basal plane
P.0.1.
Let Fq q  ^be the total flux of x-rays diffracted from (003) in the 
area scanned by the beam at an angle 4> from N (fig. 2.5). The traverse 
of <J) is made along NS, but Iqq3 is assumed to be symmetrical about N. 
Also, all (022) poles at <j> contribute to the measured flux at that point, 
and the grains giving rise to these reflections have (003) within the 
annulus (fig. 2.5), where the radius of A^ is £ (= 50° for (022) and 
(003)). We now consider the (003) poles in a small element of area 
in An (where X is the angle between and N, and B^ is approximately M  
square). The grains with (003) at B^ will have (022) in all 
orientations in the annulus A^ (assuming no preferred orientation of 
(022) other than that due to (003)). The proportion of (003) poles in
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which c o n t r i b u t e  (022)  p o l e s  t o  i s  t h e n  g i v e n  by t h e  r a t i o  
be tw een  t h e  a r e a s  of  B^ and , wh ich  i s  g i v e n  by:
^1 = A Z . A Z  _ A Z
a2 A Z . C  C
where C i s  t h e  c i r c u m f e r e n c e  o f  A^, and A Z  i s  s m a l l .  For  e a s e  of
c a l c u l a t i o n ,  i t  i s  now assumed t h a t  t h e  i n t e n s i t y  d i s t r i b u t i o n  may be '
r e g a r d e d  as  a p o i n t  f u n c t i o n ,  wh ich  i s  r e a s o n a b l e  f o r  t h e  s m a l l  beam
s i z e  employed .  We t h e n  c o n s i d e r  f l u x  p e r  u n i t  l e n g t h s  i n s t e a d  of t o t a l
f l u x e s ,  t h u s :
= 3^ A Z003 0 0 3 ’
where i s  t h e  f l u x  p e r  u n i t  l e n g t h  o f  x - r a y s  d i f f r a c t e d  from (0 0 3 ) .
The c o n t r i b u t i o n  of  (022)  r e f l e c t i o n s  a t  can now be w r i t t e n  a s :
= T ^9 ? .A£ = 0 .4  . ]_ t h e  i n t e g r a t e d  i n t e n s i t y  of
U L (003) a round  A _ /
""""d) 0 • A — —
i . e . ,  I q2 2  ” “ q~  / t h e i n t e g r a t e d  i n t e n s i t y  of  (003)  a round  A^ _ J
where 0 . 4  i s  t h e  r a t i o  of  I q2 2  t o  *003 a u n i ^ orm -^y o r i e n t e d  a g g r e g a t e  
(Yoder and E u g s t e r ,  1954 ) .  U s ing  v a r i o u s  t r i g o n o m e t r i c a l  r e l a t i o n s h i p s  
( R . J .  T w is s ,  p e r s .  comm., c f . ,  a p p e n d ix  I ) ,  t h i s  may be w r i t t e n :
S u b s t i t u t i n g  t h i s  i n t o  a  f l u x  p e r  u n i t  l e n g t h  e q u a t i o n  of  t h e  form 
of  ( i i )  we have :
( i i )
7 $
M’
I*  +
003
0. 8 I q03 s i n  £ s i n  A d X
r  - J - _ 2 2 2 — J<
I <J>-£| /_sin <|>-cos £ - c o s  X+2 cos <j> cos £ cos X_/ '
( i i i )
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Since the three terms of this equation are all flux per unit 
lengths, and since they are all measured over the same small length Ail 
in each case, we may divide the equation by Ail to give:
1$V T *  I 0 - 8003 C 003 alii 5X11_ 2 2 2I cf>-£ I /_sin <j>-cos £-cos A+2 cos <j> cos £ cos A  /
The solution of this equation may be approximated by breaking the 
integral into a summation over a finite number of intervals, and writing 
an equation for the intensity Iq q  ^ each interval. The fabric has a 
plane of symmetry normal to the direction of preferred orientation (N). 
Thus, when (<j>+£) is greater than 90°, the summation may be written in 
terms of the values of the intensity between 0° and 90° only. If this 
quadrant is divided into (n-1) intervals, we obtain a set of n
i^simultaneous equations with n unknowns, Iq q  ^ (*• = 1,2,3,. . . ,n) .
Calculations in this thesis were made with n = 91, i.e., intervals of 
one degree using the computer program written by R.J. Twiss and listed in 
Appendix I .
Some corrected (003) results are compared with (001) and original (003)
results from the same specimens in table 2.1. It can be seen that
corrected P.O.I.’s with I equal to zero are not much different from
the original (003) values, and are markedly different from the (001)
results. However, as I ^ is increased until the total background
( L „  + I _) is close to the lowest Inn_ value, the corrected (003) P.0.1. UvjU b 1L UUj
approaches that of (001) quite closely (table 2.1). It is thus suggested
that it is the contribution of the silica reflection rather than those of
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o t h e r  m ica  r e f l e c t i o n s  which  s i g n i f i c a n t l y  l o w e r s  t h e  P . 0 . 1 ,  m easured
on ( 0 0 3 ) .  T h i s  i s  f u r t h e r  b o r n e  o u t  by comparing t h e  u n c o r r e c t e d
(003)  and (001) P . O . I . ' s  f o r  t h e  40% s t r a i n  r u n s  on mixes  ground  f o r
v a r i o u s  t im e s  ( c f .  s e c t i o n  6 .2 1  f o r  d e t a i l s  o f  t h e s e  e x p e r i m e n t s ) .
The y i e l d  o f  p h l o g o p i t e  i n c r e a s e s  f rom a b o u t  60% t o  80% i n  t h e  f i v e
ru n s  i n  t a b l e  2 . 4 ,  and t h e  (003)  P . O . I . ’ s i n c r e a s e  m arke d ly  w i t h
y i e l d ,  b u t  t h e  P . O . I . ' s  t a k e n  on (001)  show b a r e l y  any v a r i a t i o n .  I t
i s  s u g g e s t e d  t h a t  t h i s  i s  due t o  t h e  d e c r e a s e  i n  s i l i c a  c o n t e n t  o f  t h e
r e a c t e d  mix w i t h  i n c r e a s e  i n  p h l o g o p i t e  y i e l d .  I n  t h e  h i g h  y i e l d  r u n ,
where t h e r e  i s  l i t t l e  s i l i c a ,  t h e  ba c kg round  as  m easu red  i s  c l o s e  t o  t h e
minimum v a l u e  o f  I qq^ j and t h e  r e s u l t i n g  P . 0 . 1 ,  i s  o n ly  a l i t t l e  l e s s
th a n  t h a t  f o r  ( 0 0 1 ) .  In  t h e  low e r  y i e l d  r u n s ,  t h e  d i f f e r e n c e  be tw een
(001)  and (003) P . O . I . ' s  i s  much g r e a t e r ,  and t h e  l a t t e r  i s  o n l y
c o r r e c t e d  by i n c r e a s i n g  t h e  I  c o n t r i b u t i o n  t o  e q u a t i o n  ( i )  above .
tD LLi
C o r r e c t i o n  o f  some o f  Means and P a t e r s o n ' s  (1966)  d a t a  i s  i l l u s t r a t e d  
i n  t a b l e  6 . 7 ,  and compared w i t h  some o f  t h e  r e s u l t s  o f  t h i s  work ( t a b l e  6 . 8 ) ,  
and d i s c u s s e d  i n  s e c t i o n  6 . 4 . 2 .
2 . 5 . 2  Gon iometer  S e t t i n g s
The specimen  h o l d e r  o f  t h e  g o n i o m e te r  i s  f i t t e d  w i t h  a r e c t a n g u l a r  
coppe r  s h e e t  w i t h  a 1 cm d i a m e t e r  h o l e  i n  i t s  c e n t r e .  The s p e c im e n ,  as  
d e s c r i b e d  i n  s e c t i o n  2 . 4 ,  i s  p l a c e d  i n  t h e  h o l d e r  w i t h  t h e  r e g i o n  t o  be 
scanned  i n  t h e  c e n t r e  of  t h e  h o l e .  With t h e  specimen  i n  p l a c e ,  20 and 0 
s e t t i n g s  a r e  c hosen  by s c a n n i n g  a c r o s s  t h e  peak  r e q u i r e d ,  and f i x i n g  on 
t h e  maximum r e c o r d e d  i n t e n s i t y .  The spec im en  i s  now t i l t e d  a b o u t  i t s
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east-west axis independantly of the beam and counter arm to correct 
for errors in cutting the section parallel to the specimen axis.
For precise measurement, the specimen axis should lie in the plane of 
the collimator and counter arm, and bisect the angle between them.
Assuming that the specimen axis is an infinite axis of symmetry in the 
specimen, the recorded intensity will be a maximum in this position.
During the running of the intensity profile (fig. 2.6), the specimen 
is oscillated in its plane through 5 mms normal to its axis, and is 
rotated about its normal from $ = -10° to <J> = +90° (fig. 2.3(b)). The <j> 
rotation rate is 10° in 16 minutes and the chart speed is 5 mms/min.
Since the recorded diffracted radiation is quite weak (generally not more 
than 200 counts per second), and the intensity profile is run so slowly, 
a large time constant, of 16 seconds is used in the chart recorder to 
smooth out the noise in the profile. Background is measured with a $ 
rotation speed of 90° in four minutes.
2.5.3 Background Measurement and Precision
The background scatter radiation is measured at 2° and 4° 26 on either 
side of the peak intensity, and is subtracted from the measured peak 
intensity before calculation of the P.O.I.. For the talc specimens 
run at 26 = 28°, (003), this process was straightforward, the background 
value used being the average of the short ^-profiles measured. In 
contrast, despite the apparatus modifications described above, the 
background on the low 26 side of the phlogopite (001) peak is somewhat 
irregular (fig. 2.6). The apparent preferred orientations recorded at
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t h e s e  20 v a l u e s  a r e  p r e s u m a b ly  due t o  t h e  c o l l e c t i o n  of  some s c a t t e r e d  
x - r a y s  by t h e  c o u n t e r  which  f u l f i l  t h e  Bragg r e l a t i o n s h i p  f o r  ( 0 0 1 ) .  
Where t h e s e  o r i g i n a t e ,  and how t h e y  r e a c h  t h e  c o u n t e r  i s  unknown,  and 
i t  h a s  been  found  i m p o s s i b l e  t o  remove them w i t h  t h e  p r e s e n t  g o n i o m e te r  
a r r a n g e m e n t .  However ,  s i n c e  t h e y  a r e  due t o  s c a t t e r e d  r a d i a t i o n  t h e y  may 
be t r e a t e d  as  no rm a l  ba c k g ro u n d  r a d i a t i o n .  The shape  of  t h i s  b a c kg round  
p r o f i l e  a t  t h e  20 v a l u e  f o r  (001)  was deduced  by p l o t t i n g  c u r v e s  o f  
background  i n t e n s i t y  v e r s u s  20 f o r  <}> e q u a l  t o  0° and 90° ( f i g .  2 . 7 ) ,  and 
r e a d i n g  o f f  t h e  ba c k g ro u n d  v a l u e s  f o r  20 e q u a l  t o  8 . 7 ° .  Any d i f f e r e n c e  
be tw een  t h e s e  v a l u e s  f o r  <j) e q u a l  t o  0° o r  90° was d i s t r i b u t e d  a c r o s s  
t h e  peak  i n t e n s i t y  p r o f i l e  b e f o r e  b e i n g  s u b t r a c t e d  from i t .  I t  i s  
c o n s i d e r e d  t h a t ,  w i t h  a l l  t h e s e  p r e c a u t i o n s  i n  backg round  m ea s u rem e n t ,  
e r r o r s  w i l l  n o t  e x c ee d  + 1 s c a l e  d i v i s i o n  on t h e  c h a r t .
2 . 5 . 4  P . 0 . 1 .  C a l c u l a t i o n  and P r e c i s i o n
The P . O . I .  i s  c a l c u l a t e d  from t h e  i n t e n s i t y  p r o f i l e  u s i n g  t h e  
f o rm u la  of  Means and P a t e r s o n  (1966 ,  p . l l l ) .
P . O . I . ___________I MAXj 90 <}> . j
q J I r s m  <f> d <J>
For t h e  p u r p o s e  o f  n u m e r i c a l  c a l c u l a t i o n ,  t h e  i n t e g r a t i o n  i n  t h e  
d e n o m in a to r  i s  t r e a t e d  as  a  f i n i t e  sum of  1^ s i n  (j) t e rms  from (j) e q u a l  
t o  0° t o  e q u a l  t o  90°  i n  10° s t e p s ,  and 1 ^ ^  ( t h e  maximum v a l u e  on 
t h e  i n t e n s i t y  p r o f i l e )  i s  s e l e c t e d  as <f> e q u a l  t o  0 ° .
I t  can be s e en  from t h e  f o r e g o i n g  d i s c u s s i o n  o f  t h e  x - r a y  f a b r i c  a n a l y s i s  
t e c h n i q u e  t h a t  t h e r e  a r e  a l a r g e  number of  s o u r c e s  o f  e r r o r  i n  d e r i v i n g  t h e
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P . O . I . ,  e s p e c i a l l y  f o r  t h e  p h l o g o p i t e  s a m p le s .  P r e c a u t i o n s  t a k e n  i n  
t h i s  s t u d y  have r e d u c e d  such s o u r c e s  as  f a i l i n g  t o  s c an  t h e  same, 
u n i f o r m l y  defo rmed  sample  a r e a  t h r o u g h o u t ,  h a v i n g  t h e  f a b r i c  symmetry 
a x i s  n o n - c o i n c i d e n t  w i t h  t h e  b i s e c t o r  o f  c o l l i m a t o r  and c o u n t e r  a r m s , 
and g r a i n s i z e  o r  s a m p l in g  e f f e c t s  ( c f .  von G eh len ,  1960) t o  a minimum. 
The on ly  s i g n i f i c a n t  e r r o r  r e m a in i n g  i s  c o n t a i n e d  i n  t h e  ba c kg round  
measurement  p r o c e d u r e  d e s c r i b e d  above .  T a b le  2 . 2  compares  P . 0 . 1 ,  
v a l u e s  f rom sample number 2151 as  t h e  backg round  i s  v a r i e d  above and 
be low t h e  m easu red  v a l u e .  Assuming t h a t  t h e  e r r o r  i n  m e a s u r in g  
bac k g ro u n d  i s  no g r e a t e r  t h a n  + 1 s c a l e  d i v i s i o n ,  and c o n s i d e r i n g  t h e  
P . 0 . 1 ,  v a l u e s  f o r  o t h e r  s am ples  w i t h  a + 1 v a r i a t i o n  i n  b a c kg round  
g i v e n  i n  t a b l e  2 . 3 ,  i t  i s  s u g g e s t e d  t h a t  t h e  maximum e r r o r  i n  t h e  
q u o t e d  P . 0 . 1 . ’s i s  + 10%.
The x - r a y  f a b r i c  d a t a  i n  t h i s  t h e s i s  i s  g e n e r a l l y  r e p r e s e n t e d  by 
i n d i v i d u a l  P . O . I . ’s ,  b u t  where t h e  d i s t r i b u t i o n  o f  g r a i n s  o f  a l l  
o r i e n t a t i o n s  may be h e l p f u l  t o  d i s c u s s i o n ,  p r o f i l e s  o r  h i s t o g r a m s  of  
volumes o f  g r a i n s  v e r s u s  (j) a r e  p l o t t e d .  These g r a i n  volume 
d i s t r i b u t i o n s  a r e  e q u i v a l e n t  t o  a r e a l  d i s t r i b u t i o n s  o f  p o l e s  on t h e  
s u r f a c e  of  a s p h e r e ,  and a r e  o b t a i n e d  by m u l t i p l y i n g  P . 0 . 1 ,  v e r s u s  cf) 
p r o f i l e s  by s i n  4>. These  p r o f i l e s  may t h e n  be d i r e c t l y  compared to  
s e e  which g r a i n  o r i e n t a t i o n s  have  been  l o s t  o r  enhanced  d u r i n g  s t r a i n ,  
a n n e a l i n g ,  e t c . .
2 . 5 . 5  O p t i c a l  P e t r o f a b r i c  A n a l y s i s
Q u a n t i t a t i v e  m i c r o s c o p i c  t e c h n i q u e s  of  f a b r i c  a n a l y s i s  were u s e d  t o
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(i) Measure the orientation of crystallographic features 
in material of coarse grainsize
(ii) Carry out yield and grainsize measurements to supplement 
the x-ray orientation work in the phlogopite aggregates.
The first method was applied to the geometrical analysis of kinks 
in the experimentally and naturally deformed mica single crystals, and 
to the preferred orientation of (001) and (010) poles in oriented mica 
in selected naturally deformed rocks by standard four-axis universal 
stage procedures. In addition, a mechanical flat-stage and a graduated 
ocular lens were used in the study of size and shape relationships to 
orientation of mica grains in the naturally deformed rocks.
In the phlogopite aggregates, the volume yield of phlogopite in 
many of the runs was determined by modal analysis of thin sections 
using a Swift automatic point-counting machine. A translation of 0.02 
mms between each point and 0.33 mms between each row of points was used, 
and between 600 and 1000 points were counted for each sample. 
Reproducibility of results was generally obtained after 200 to 300 
points, so this number of counts was quite sufficient.
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CHAPTER 3
EXPERIMENTAL DEFORMATION OF SINGLE CRYSTALS OF MICA
3 .1  G e n e ra l  S ta te m e n t
R e o r i e n t a t i o n  o f  c r y s t a l  a g g r e g a te s  can  t a k e  p l a c e  upon p l a s t i c  
s t r a i n i n g  by i n t r a c r y s t a l l i n e  s l i p  and tw in n in g  p r o c e s s e s ,  i f  f i v e  
in d e p e n d e n t  s l i p  sy s te m s  a r e  a v a i l a b l e  ( T a y lo r ,  1 9 3 8 ) .  I t  i s  p o s s i b l e  
to  t h e o r e t i c a l l y  p r e d i c t  t h e  f a b r i c  i f  t h e  o p e r a t i v e  s l i p  sy s te m s  a re  
known (B ishop and H i l l ,  1 9 5 1 ) ,  and t h i s  h a s  been  c a r r i e d  o u t  f o r  q u a r t z  
(Hobbs, i n  p r e s s ) ,  g a le n a  (S ie m e s ,  1970) and s p h a l e r i t e  ( S a y n i s c h ,  1 9 7 0 ) .  
T here  i s  some d oub t  as  t o  t h e  com ple te  s l i p  b e h a v io u r  of m ic a ,  e s p e c i a l l y  
as t o  w h e th e r  (001) Q.00’] i s  fa v o u re d  o v e r  (001) j l 3 0 l  i f  s l i p  can t a k e
p l a c e  on (001) [OlOj, and i f  n o n - b a s a l  s l i p  i s  p o s s i b l e .  These  q u e s t i o n s  
a re  im p o r ta n t  i n  c o n s i d e r a t i o n s  of k i n k in g  mechanisms i n  l a y e r  s i l i c a t e s ,  
and o f  t h e  f e a s i b i l i t y  o f  r e o r i e n t a t i o n  o f  m ica  g r a i n s  and a g g r e g a t e s  by 
s l i p  and k i n k in g  p r o c e s s e s ,  and i t  i s  t h u s  c o n s id e r e d  im p o r t a n t  t o  a t t e m p t  
to  r e s o l v e  them h e r e .
R ecen t work on t h e  c r y s t a l  s t r u c t u r e  o f  m ica  ( R a d o s lo v ic h , 1960; 
F r a n z i n i ,  1969) i n d i c a t e s  t h a t  t h e r e  a r e  t h r e e  d i r e c t i o n s  o f  a lm o s t  
e q u a l  c l o s e s t  p a c k in g  i n  t h e  b a s a l  p la n e  o f  m ic a ,  t h e s e  d i r e c t i o n s  
b e in g  [ lO O j, pL30^ and Q .30J . By a n a lo g u e  w i th  t h e  b e h a v io u r  o f  m ost m e ta l s  
(Honeycombe, 1968 , p . l l )  t h e s e  d i r e c t i o n s  s h o u ld  be e q u a l l y  f a v o u r e d  s l i p  
d i r e c t i o n s ,  i f  t h e  r e s o l v e d  s h e a r  s t r e s s  i s  t h e  same p a r a l l e l  to  e a c h .
P r e v io u s  work r e l e v a n t  to  t h i s  p r e d i c t i o n  i n  m icas  i s  somewhat 
am biguous. The e a r l y  work o f  F r i e d e l  (1926) and o f  Mügge (1898)
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on ' p e r c u s s i o n '  o r  ' p r e s s u r e '  f i g u r e s  on (001) o f  mica  was t a k e n  as  
i n d i c a t i n g  s l i p  p a r a l l e l  t o  [lOOj , jj-30j and [ l 3 0 j  . However ,  Borg and 
Handin (1966)  p ro d u c e d  k i n k s i n  s i n g l e  c r y s t a l s  o f  b i o t i t e  s h o r t e n e d  
p a r a l l e l  t o  (001)  and c o n c lu d e d  t h a t  t h e r e  was f i r m  e v id e n c e  on ly  f o r  
s l i p  p a r a l l e l  t o  [lOO] , S t a r k e y  ( 1 9 6 8 ) ,  i n  h i s  t h e o r e t i c a l  t r e a t m e n t  
o f  k i n k i n g ,  assumed flOOj as  t h e  p r e d o m i n a n t  s l i p  d i r e c t i o n ,  and Hörz 
(1970) h a s  p r o p o s e d  t h a t  t h e r e  i s  no c r y s t a l l o g r a p h i c  c o n t r o l  of  s l i p  
w i t h i n  ( 0 0 1 ) .  C o n v e r s e l y ,  d i r e c t  o b s e r v a t i o n  o f  d i s l o c a t i o n s  l y i n g  i n  
t h e  b a s a l  p l a n e  o f  m ic a  (Amelinckx and D e l a v i g n e t t e , 1961) i n d i c a t e s  t h e  
t h r e e  e q u a l l y  f a v o u r e d  s l i p  d i r e c t i o n s  s u g g e s t e d  above .
T h i s  c h a p t e r  d e s c r i b e s  t h e  r e s u l t s  o f  a s e r i e s  o f  e x p e r i m e n t s  
d e s i g n e d  t o  r e s o l v e  t h i s  p ro b le m ,  and t o  c l a r i f y  t h o s e  p rob lem s  o f  
i n t r a c r y s t a l l i n e  d e f o r m a t i o n  of  m ic a  which  have a b e a r i n g  on dynamic 
a n a l y s i s  and c l e a v a g e  g e n e s i s .  New i n f o r m a t i o n  i s  p r e s e n t e d  on t h e  
geomet ry  o f  k i n k s  and on t h e  way i n  which t h i s  v a r i e s  w i t h  t e m p e r a t u r e .
3 .2  E x p e r i m e n t a l  T e c h n iq u e s
Specimens were t a k e n  from a l a r g e  ( a p p r o x .  30 x 20 x 15 cm) s i n g l e  
c r y s t a l  o f  b i o t i t e  f rom M t . I s a ,  Q u e e n s la n d ,  A u s t r a l i a .  The b i o t i t e  i s  
deep r ed -b ro w n  i n  hand  s p e c im e n ,  and p l e o c h r o i c  s t r a w - y e l l o w  t o  d a rk  
brown i n  t h i n  s e c t i o n  w i t h  a 2V o f  1 0 ° .  I t  i s  v i r t u a l l y  unde fo rm ed ,  
a l t h o u g h  i t  c o n t a i n s  10-20% w h i t e  m ica  i n  e l o n g a t e  i n c l u s i o n s  p a r a l l e l  
t o  (0 0 1 ) .  Laue p h o t o g r a p h s  e xposed  no rm a l  t o  (001) were u s e d  t o  o r i e n t  
t h e  c r y s t a l ,  and c o r e s ,  15 .0  + 0 . 2  mm long  and 7 .0  + 0 .1  mm i n  d i a m e t e r ,  
were o b t a i n e d  p a r a l l e l  t o  |010~j, [lOO^ J and f l30^  w i t h  a diamond c o r i n g
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drill. For the most part, the specimens used did not part along (001) 
during the coring operation. Stainless steel jackets (10.0 mm external 
diameter) were used to provide constraints on the biotite in an attempt 
to distribute the deformation uniformly through the specimen. Also, 
this is considered to resemble conditions in many natural rocks where 
minerals such as felspar and quartz place constraints on deforming mica.
Five experiments were carried out in each of the three orientations,
at 300°C to 700°C in 100° intervals, deformation continuing until 20%
shortening had been achieved. A few experiments were also carried out
at lower (2-10%) strains, at 700°C in the jjLOOj orientation, to study the
progressive development of kinks during straining. In all, about thirty
experiments were performed, the reproducibility of any particular set of
stress-strain results being within about 10%. All the experiments were
performed at 3 kbars confining pressure and at a strain rate of 
-4 -1approximately 10 sec
After deformation, thin sections were prepared normal to the mean 
attitude of (001) and parallel to the specimen axis. The orientations 
of 50 boundaries and (001) on each side of the boundary were determined 
from each specimen using a four-axis universal stage. From these data 
the following geometric properties of the kinks were determined;
(i) the angle between the direction of maximum shortening 
of the specimen and the kink boundaries,
(ii) the angle between the kink boundary and (001) on each 
side of it (<j> and of Paterson and Weiss, 1966),
(iii) the asymmetry of the kink boundary, (<f>-<f>v ) ,K
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(iv) the angle, a, between the axis of rotation in the kink 
and the normal to the plane of the section. This is 
equivalent to the angle between the slip direction and the 
crystallographic direction originally parallel to the 
specimen axis. Assuming that slip on (001) is the only 
deformation mechanism, this then gives the crystallographic 
orientation of the slip direction associated with each 
kink.
(v) The angle of bending of (001) at the kink boundary w 
(w = y  - (<j)+tj)^) of Starkev, 1968).
3.3 Experimental Results 
3.3.1 Stress-Strain Data
The stress-strain curves for biotite loaded parallel to [_010J 
at 400,600 and 700°C are shown in fig. 3.1, the stress having been 
corrected for the increasing cross-sectional area during straining 
assuming no barrelling and no volume change of the specimen. To calculate 
the effect of the steel jackets two groups- of dummy specimens were run 
under the same conditions. The first consisted of annealed copper 
specimens 7 mm in diameter inside cylindrical 10 mm diameter stainless 
steel jackets, and the second, of jacketless annealed copper specimens 
10 mm in diameter. From the force-strain curves of these runs, the 
strength of the steel jackets could be computed, enabling the biotite 
stress-strain curves to be determined. The reliability of these results 
is somewhat doubtful, especially at strains above 5% shortening because
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the endpieces punched into the stainless steel and copper, which must 
give anomalous strengths. Also, since the steel is significantly 
stronger than the biotite, small variations in its strength from run 
to run give rise to anomalies. The curves in fig. 1(a) are therefore 
only semiquantitative, especially at high strains. The significant 
features of the stress-strain curves for biotite single crystals are 
the stress drop shortly after yielding, and the overall drop in strength 
with increasing strain. Specimens deformed at 300°C and 500°C had similar 
strengths to that at 400°C with only slight weakening accompanying tue 
increase in temperature. The strength in the jjLOOj and Jl30 j 
orientations was similar, but often slightly lower than that in the [plOj 
direction. The difference in yield stress is rarely greater than 10%.
3.3.2 Description of Structures Produced by Deformation
The following deformation features were observed in thin section 
and in the cut-off pieces of the specimens remaining after processing 
the sections (see section 3.2).
3.3.2.1 Specimen Shape After deformation, all of the specimens are 
elliptical in the section normal to the axis of shortening with the 
major axis normal to the mean position of (001). As gauged from the 
dimensions of the steel jacket after deformation, this axis has increased 
in length by 20% to 25%, whereas the one parallel to the trace of (001) is 
unchanged to within 5%. In addition, most of the specimens are 
asymmetrical in the plane of the cut surface (figure 3.3), the result
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of irregular barrelling during deformation. There is no apparent 
temperature or specimen orientation control over this asymmetric 
barrelling, the only two symmetrical specimens being parallel to jOloj 
at 700°C and to [lOCfj at 300°C. Also, the degree of asymmetry in the 
remainder cannot be correlated with the experimental conditions.
3.3.2.2 Distribution and Orientation of Kinks In thin section the 
most striking feature of the deformation is the variation in the size, 
orientation and prevalence of kinks with temperature. There is no 
apparent specimen orientation dependence of these features. At higner 
temperatures the kinks are much less numerous, broader and at lower 
angles to the direction of maximum shortening, > of the specimen, 
than at lower temperatures. At 300°C to 500°C the centre of the 
specimen is a mass of narrow (0.01 to 0.2 mm in width) kinks at high 
angles (70°-90°) to with almost no areas where the initial orientation 
of (001) is unchanged (fig. 3.4). However, at 600° and 700°C, continuous 
areas of undeformed biotite are much more prevalent (fig. 3.5), 
especially in the centre of the specimen. The kinks are also broader 
(0.05 to 0.5 mm in width), at lower angles to (30°-70°) , and often 
can be traced right across the specimen. This change in the angle 
between the kink boundaries and with change in temperature is shown 
in fig. 3.6.
Since the strength and degree of work hardening of the stainless 
steel jackets also vary considerably with temperature (fig. 3.2) it is 
possible that the change in the character of the kinks is due solely to
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the changes in the constraints imposed by the jacket. However, at high 
temperatures when the jacket is relatively weak, very large angle kink 
boundaries impinge upon the jacket causing it to deform locally. Thus 
it appears that the jacket constraints are sufficient at any temperature 
to control the kink distribution to this extent. In order to test this, 
a specimen was deformed in a TZM (molybdenum alloy, Climax Molybdenum,
USA) jacket at 700°C. At this temperature the TZM jacket is of comparable 
strength to the stainless steel at 300°C so the effective constraint is 
held constant as the temperature is increased (fig. 3.2). Figure 3.2 
shows that the rate of work hardening for TZM at 700°C is less than that of 
stainless steel at 300°C. This means that instabilities in the deformation, 
such as kinking, are less likely to be inhibited by TZM at 700°C than by 
stainless steel at 300°C. The kink orientation data is compared with the 
other 700°C data in fig. 3.7, and the similarity is evident. It is thus 
suggested that the variation in kink orientation shown in fig. 3.6 is 
significantly dependent upon temperature.
In some specimens, especially those which show distinctly asymmetric 
barrelling, a large number of fine kinks (5 to 50 microns in width) are 
found wholly within a single larger kink band (fig. 3.12). They occur 
predominantly in kink bands of a particular sense of rotation in a given 
specimen, related to the sense of asymmetric barrelling.
3.3.2.3 Shapes of Kinks The shape of kinks is extremely variable, 
ranging from small lensoid regions to broad kinks with parallel
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boundaries which can be traced across the specimen. The boundaries of 
the kinked regions are rarely planar, and may change in orientation by 
up to 25° along their trace in the section. The larger kinks 
(especially in the higher temperature runs) either narrow rapidly 
along their length or die out into regions of gentle bending towards the 
margins of the specimen. Thus, there is rarely a large, sharp kink in 
the sample boundary or the steel jacket. At lower temperatures, the 
kinks consist of narrow, short (rarely longer than 1 mm), curved regions 
which closely interfinger (fig. 3.4) such that undeformed regions are 
rare. In the less deformed end regions of most specimens the particular 
type of kink shown in fig. 3.10 is sometimes found. It occurs on the 
concave side of a region of bending of (001), where the curved (001) 
plane becomes kinked as the radius of bending becomes smaller.
3.3.2.4 Nature of the Kink Boundary The kink boundary is generally a 
well-defined plane which can be brought into sharp focus on the 
universal stage. The angle of bending, oo, at such a kink plane can be 
as low as 15°, but is rarely less than 25° (fig. 3.13). Kink boundaries 
for which go is less than about 45° often become less well defined along 
their length until they become regions of uniform bending of (001) . This 
transition from a planar structure to a region of curvature is ouite sudden; 
a boundary of the type shown in fig. 3.11 is not unusual. The angle 
of bending does not change markedly along this kink, but the actual 
boundary changes character a number of times.
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Some idea of the structure of the kink boundaries can be gained from 
their optical characteristics. Following the procedure described by 
McLaren et al (1970), the boundary is brought into a vertical position 
on a universal stage and observed in bright-field illumination, with 
the condenser aperture closed down to produce a narrow beam of light. 
When the microscope is focussed near the top surface of the thin section, 
the boundary appears as a dark line with a weak bright fringe on either 
side. As the microscope is focussed down through the specimen, the image 
contrast becomes weak near the centre of the section and then reverses 
contrast upon focussing on the lower surface of the section. This 
behaviour is consistent with that of a phase-object, as proposed by 
Zernike (1942). However, there is little correlation between the 
apparent width of the boundary and the numerical aperture of the 
objective lens used (table 1) (cf., McLaren et al, 1970). The values 
in table 1 suggest that the kink boundary is wide enough that little 
information concerning its image is deleted by the aperture at the back 
focal plane of the objective lens (Stone, 1963, pp. 228-229), and that 
it is of the order of 1.0-2.0 pm in width. These are wider than and 
their contrast is opposite to the dislocation walls which give rise to 
deformation lamellae in quartz (McLaren et al., 1970) and to kink 
boundaries in olivine (Boland et al., 1971). As such, their structure 
is more complex than that proposed by Starkey (1968).
The progressive development of kink boundaries was examined in a 
number of low strain (2% and 5% shortening) experiments at 700°C in the 
{010} orientation. At 2% shortening a few very small kinks (up to 20 pm
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wide) had formed with orientation distribution relative to shown 
in fig. 3.8. An increase in strain to 5% gives rise to a similar 
number of wider kinks of almost identical orientation (fig. 3.9). 
Figures 3.6, 3.8, 3.9 further compare distributions for type 1 kink 
bands (see sect. 7) at 2,5 and 20% shortening. The similarity between 
these indicates that the amount of shear within each kink band does not 
change markedly with strain, rather strain is taken up by enlargement 
of the bands and formation of some new ones.
3.3.2.5 Asymmetry (<!>-<{>) at Kink Boundaries The asymmetry at kink 
boundaries is both temperature and orientation dependent. Figure 3.14 
shows the degree of asymmetry as a function of specimen orientation. 
Parallel to [lOO] and jl30] the kinks are generally symmetrical although 
very rare values of (<j)-<f> ) up to 30° are recorded. Specimens shortened 
parallel to fOlOj show much less tendency towards kink symmetry even 
though there is still a maximum between 0° and 4°. The arithmetic means 
for the (<j)-<j)^) values for the jjLOOj , £l30j and |"010j orientation are 
5.5°, 5.4° and 7.0° respectively. In the highly asymmetric kinks 
(4>—4> ^ 10°) , the larger value shows no preference for either the
deformed or undeformed region.
The temperature dependence of (<{>-(})) for the J^ llO] orientation is 
illustrated in fig. 3.15. At high temperatures a broad maximum between 
0° and 14° replaces a prominent one between 0° and 4°, which is 
especially evident at 300°C, where the distribution is similar to that 
for the other orientations at all temperatures. In the j^ LOOJ and p_3Qj
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orientations temperature does not have a marked effect on kink 
asymmetry.
3.3.2.6 Crystallographic Orientation of the Slip Direction The 
crystallographic orientation of the slip direction is the only solely 
orientation dependent property of the kinks and is critical in 
determining the most favourable slip systems. Figure 3.16 shows the 
marked similarity between the [jLOO] and the [l3Cfj orientations where slin 
is well developed parallel to these respective directions. By contrast, 
slip in the [OlOj orientation appears to favour some irrational direction 
intermediate between [OlOj and [jL30^. The arithmetic means of the angle 
between the initial specimen axis and the slip direction are 4.2°, 4.0° 
and 10.8° for the QlOOj , |130j and [OlOj orientations respectively.
As is typical with micas, there are numerous visible cleavage planes 
parallel to (001), the operative slip plane. Contrary to the observations 
of Borg and Handin (1966), the distribution and clarity of these visible 
cleavage planes does not vary noticeably inside and outside kind bands.
The best defined planes continue across kink boundaries, but there are 
many which terminate at them, both from inside and outside the kink band. 
Visible separation between adjacent cleavage planes is rare, and is only 
seen at the termination of markedly elliptical kinks. In thin sections 
of standard thickness which have been polished on both the upoer and 
lower surfaces, these cleavage planes do not have the optical 
characteristics of phase objects nor does their thickness depend on the 
numerical aperture of the objective lens used.
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3.3.2.7 Kink Classification On the basis of the preceding 
observations, three separate types of kink bands are distinguished 
(fig. 3.18) in these specimens.
(a) Type 1 kink bands which have undeformed regions on both 
sides of their boundaries (cf., the ’primary’ kink 
boundaries of Weiss (1969, figure 5)).
(b) Type 2 kink bands which have deformed material on one or 
both sides of their boundaries, and which appear to form 
solely by the intersection of type 1 kink bands (cf., the 
’secondary’ kink boundaries of Weiss (1969, figure 5)).
(c) Second Generation kink bands which are very fine parallel 
kinks completely contained within a kink band of a different 
orientation. They may occur in either type 1 or type 2 kinks, 
and seem to be late stage features which develop after 
considerable strain, since they are absent from the low 
strain specimens (cf. Weiss (1969, plate 18D)).
The geometric measurements carried out on these kinks include both 
types 1 and 2 in proportion to their prevalence in each specimen. Since 
this prevalence varies with deformation temperature, the distributions 
in figs. 3.13, 3.15 will be influenced by the relative proportions of 
each type measured. In figs. 3.17(a), (b) values for type 1 kinks at 
300°C and 700°C are separated to show the real temperature effect. The 
type 2 distribution for the same runs are shown in figs. 3.17(c), (d). 
Asymmetry values are independent of the type of kink plane across which 
they are measured.
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3.4 Discussion
3.4.1 Mechanisms of Kinking
Kinking mechanisms in mica have been discussed briefly by Mtlgge 
(1898) , Dewey (1965) , Borg and Handin (1966), Starkey (1968) and Hörz 
(1970). More detailed treatments of the kinking process in metals can 
be found in Orowan (ly49) , Frank and Stroh (1952) , Hess and Barrett 
(1952) and Washburn and Parker (1952).
Miigge (1898) suggested that kinks form on the concave side of a 
region of bent (001) planes in an attempt to relieve volume difficulties 
(fig. 3.19). However, the few kinks of this type observed in these 
experiments have the opposite sense of kinking with respect to the bent 
(001) planes, so that this hypothesis is not applicable. More recently, 
Starkey (1968) has -suggested that kink boundaries in silicates are nlanes 
of simple fit which have a strong crystallographic control over their 
geometry. This hypothesis restricts the possible values in the range 
found in these experiments (assuming jjLOOj slip direction) to 30°, 55°, 76°, 
93°. However, fig. 3.13 shows no preference for these values. Starkey 
(1968, p. 140) does say that deviations from these values could arise 
from 'deformation of crystals leading to the development of imperfections 
so that neither the precise structure nor the lattice parameters can be 
predicted.' The orientation dependence of the slip direction involved in 
kinking, the temperature dependence of the orientation, size and 
distribution of kinks, and the spread of to values all point to a more 
complex mechanism than that proposed by Starkey (1968). In addition,
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the optical characteristics of the kink boundaries are inconsistent 
with the simple-fit type of boundary and indicate a more complex 
structure greater than 1.0 ym in width.
The theory of kinking in hexagonal close-packed metals, first 
discussed by Orowan (1949) is probably better applied to these 
experiments. Hess and Barrett (1952) have shown that dislocations 
moving in the dominant basal slip plane in h.c.p. metals under a shear 
stress tend to form pairs of walls containing dislocations of opposite 
signs. This arrangement is especially stable in crystals such as mica 
which are strongly anisotropic, elastically, because of the stress field 
set up around a pinned basal dislocation (Chou, 1962 - see fig. 3.20).
In support of this structure, Washburn and Parker (1952) have shown 
that the movement of a kink boundary is that predicted for such a wall. 
Frank and Stroh (1952) considered the conditions under which a kink 
nucleus, consisting of an elliptical cylinder bounded by such a pair 
of dislocation walls, should grow. They found that there is a value of go 
dependent upon the yield stress and the bulk modulus of the crystal, 
above which the kink nucleus will propogate, and that it will generally 
do so at constant g o. The value of this angle appears to be very small 
(<1°) for mica.
The observations on kinks formed at low strains (figs. 3.8, 3.9,
3.6) indicate that from small strains onwards, kinks do grow with 
fairly constant go as suggested by Frank and Stroh (1952). Continued 
strain is accomplished by moving kink boundaries and hence increasing 
the volume of kinked material rather than by changing g o . This is the
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behaviour reported for phyllite by Paterson and Weiss (1966), for gynsum 
by Turner and Weiss Q-965), and for cards by Weiss (1969) , and is 
notwithstanding the fact that most of the values of go for mica (fig. 
3.13) are higher than that attainable with the single wall of 
dislocations treated by Frank and Stroh. It is possible that the 
structure of kink boundaries may be similar to that observed for 
deformation band boundaries in face-centred cubic metals (Hu, 1962) 
where a single high angle boundary consists of a number of narrow 
regions separated by low angle boundaries. The optical characteristics 
are certainly compatible with such a model. Frank and Stroh (1952, 
p. 819) indicate that their discussion may be applicable to more 
complex boundary structures than a simple wall.
3.4.2 Operative Slip Systems
The tendency towards a fairly symmetrical disposition of (00L) 
either side of the kink boundaries indicates that (001) is the 
dominant slip plane under the experimental conditions employed here. 
However, the formation of some highly asymmetrical kinks necessitates 
the operation of some other mechanism in addition to basal slip.
Borg and Handin (1966) reported asymmetries up to 5° in experimentally 
deformed biotite and Turner (1964) reported similar values in 
naturally deformed mica. In experimentally and naturally shocked 
materials (Hörz and Ahrens, 1969: Hörz, 19 70) asymmetries up to 32° 
and frequently about 10° have been noted.
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Such asymmetry cannot be caused by slip on (001) or by slip on 
any other plane in a direction parallel to (001). Nor can it be due 
to slip on any plane normal to (001), since such a deformation is not 
able to alter dimensions normal to (001). Climb of basal dislocations 
cannot contribute to the observed asymmetry since this can only result 
in changes in dimensions normal to the extra half plane of the 
dislocation and hence can only lead to length changes in the plane of 
(001).
If the deformation responsible for the asymmetry is supposed to be 
equivalent to a simple shear parallel to the kink boundary then the shear
required to produce an asymmetry of (<f>-(p ) is sin (<}>-<}) )/(sin <p sin <p ) .K K K
Thus, the maximum compressive strain for a given asymmetry can be 
calculated. Figure 3.21 plots strain against asymmetry for kinks of various 
oj and, assuming that elastic strain cannot exceed 5% shows the 
range of asymmetry for each value which cannot be due to elastic strain.
The asymmetry measurements show that at high temperatures, more than 50% 
of all kinks fall outside this field. It appears therefore that some 
form of non-basal slip is required to produce the large asymmetries 
observed.
Further examination of the asymmetry measurements also discloses 
that 71% of the kinks in the [OlOj specimens at 600 and 700°C fall 
outside the 5% strain limit, whereas only 50% of those in the [JLOOj and 
jl30] specimens do so at these temperatures. It is thus suggested that 
the operative non-basal slip system(s) are favoured in the former
orientation. Two possibilities are (Oil) [lOO] and (111) jl30J.
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The preference for slip on (001) parallel to [100] and [13O'] 
in the specimens of these orientations (fig. 3.16) fully substantiates 
the crystal structural predictions that they should be equally 
favoured directions. The geometry of the slip in the [310| specimens 
is complex (fig. 3.16), with an apparently irrational slip direction at 
about 10° to [010[| . The likelihood of slip parallel to a certain 
direction in a crystal is dependent upon the energy of the dislocation 
whose movement gives rise to it, and a number of other factors affected 
by the crystal structure (Friedel, 1964, p. 44 ff.). In view of the 
weak bonds across the (001) plane, the latter factors, including the 
effect of the Peierls stress (Friedel, op. cit.), are disregarded in 
the following semi-quantitative consideration of favoured slip directions 
in this plane.
The energy of a dislocation is proportional to the sauare of its 
Burgers vector, and the ease of slip is inversely proportional to the 
dislocation energy, so we can write that slip will occur parallel to 
Burgers vector, b^, in preference to b^ if:
where and are the resolved shear stresses parallel to b^ and b^ 
respectively, as long as is greater than the critical shear stress 
for slip parallel to b^. Considering the three specimen axis direction 
[do] , [lOO] and [l30j
b [°10] = 1/313 [l°°] = ^  [130“
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Thus, slip is equally likely parallel to !_100 j and j 130J if the 
resolved shear stress is the same on each. However, it is clear that 
the shear stress parallel to | Old] must be three times that parallel 
to [LOO] and [i30~j for slip in that direction. Now consider the 
specimens deformed parallel to pO10J , and plot the changes in 
against the angle of bending, to, as kinking takes place. After 
initial elastic bending of the crystal, [130J and [130] are equal and 
greater than [OlO], so slip will initially take Dlace in one of these 
directions. In this case it is assumed that slin is initiated parallel 
to |]l30j , that is kinking takes place about j IlOj . The curves in fig. 
3.22 illustrate the variation in i as co increases. It is apparent 
that as co increases, Tri30~f becomes increasingly larger than Tj"j_3q-j > 
and remains larger than T £oiO~| throughout. it i-s thus nrobable that 
slip parallel to [l30| could occur at some time during later 
deformation. This slip would give rise to an apparent overall slin 
direction between ]l30] and |130] , and could explain the range of 
orientations of the slip direction in specimens parallel to JjOlOj , 
as seen in fig. 3.16.
Hörz (1970) found that there is no such crystallographic control
of the slip direction in (001) in mica crystals deformed at extremely
6 “1fast strainrates (10 sec ). He then extrapolated these results to 
slow strainrates, and argued that the positive cation layer (K+ ions 
in biotite) cannot crystallographically control the slip direction,
because the layer-bonding forces exerted by it are too weak. The 
data of fig. 3.16 vitiates Hörz' extrapolation.
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3.4.3 Geological Significance of Results
Kinks in mica have been used as indicators of the principal stress 
directions in the late stages of rock deformation (Turner, 1964). Poles 
to kink boundaries tend to concentrate about a single point which is 
identified with the axis of principal compressive stress, e^ . However, 
there is generally considerable scatter in the distribution and these 
experiments suggest that this is due to the failure to separate type 1 
and type 2 kinks. Thus, boundaries of type 1 kinks can never form 
precisely normal to but will not be far from this orientation for
small values of 00. It is suggested that more precise location of 
can be gained by considering only grains containing conjugate type 1 
kinks symmetrically disposed about (001), and type 2 kinks normal to 
(001). In these grains was within a few degrees of parallel to the 
undeformed orientation of (001).
A number of writers (Sander, 1930; Fairbairn, 1935; Turner, 1940; 
Kvale, 1945) have recorded preferred orientations of crystallographic 
directions in mica other than the normal to (001), usually [OlOJ or L100J • 
This preferred orientation is in all cases attributed to slin on (001) 
parallel to a specific direction (generally, |_01 oQ or |_100j) . It was 
suggested that the accompanying preferred orientation of (001) was also 
attained by this basal slip together with intergranular rotation.
Since the stress distribution on the scale of a single specimen is 
probably complex, the maximum principal compressive strain, e^, for 
bulk deformation of the specimen is used here. However, 
macroscopically, Turner’s and the used here may well be 
coincident.
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If non-basal slip is disregarded as a major contributor to deformation, 
then the equal preference for slip parallel to the six directions in 
the base given by [lOCfj and [l30J could not give rise to preferred 
orientation of any direction in (001) by slip on this plane. It is 
thus suggested that any such preferred orientation must be due to a 
growth or recrystallisation mechanism.
3.5 Summary and Conclusions
1. Slip and kinking in mica closely adhere to the theory and 
observed behaviour of these processes in metals. The 
temperature dependence of the kinking process strongly 
suggests that dislocations play an important role, much more 
so than proposed by Starkey (1968).
2. The only observed slip directions in the basal plane are 
|100], fl30] and [_130], as predicted from the crystal 
structure. Many kinks, however, especially at high 
temperatures are asymmetric; more so than can be explained 
by elastic deformation. Such kinks offer indirect evidence 
of slip on systems other than basal.
3. It is concluded that preferred orientations of a or b axes 
in naturally occurring mica cannot be due to slip on the
basal plane alone. Also the direction of maximum shortening (e^ ) 
in a deformed rock can be predicted fairly accurately from 
kinks in mica, and a more precise method than that used by 
Turner (1964) is given.
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CHAPTER 4
RECRYSTALLISATION OF LAYER SILICATE SINGLE CRYSTALS
AND AGGREGATES
4.1 General Statement
One of the best known methods of achieving a preferred 
orientation in a crystal aggregate is by recrystallisation of a 
pre-deformed (cold-worked) sample. This process is especially 
important in metals and ceramics, and has recently been anplied in 
some detail to some rock forming minerals (Hobbs, 1968; Green, 1970; 
Wilson, 1970; Ransom, 1969). Annealing recrystallisation has been 
referred to as a possible reorienting mechanism for mica in foliated 
rocks (Fairbairn, 1949, p.142), but in recent years, due to an emphasis 
on mechanical reorientation or infinitesimal thermodynamic mechanisms 
(e.g., Kamb, 1959), it has been somewhat out of favour. The experimental 
evidence is limited to the synthetic aggregate work of Means and 
Paterson (1966), and the brief report on both synthetic and natural 
materials by Tullis (1968). Means and Paterson reported that annealing 
after hot- and cold-working of synthetic phlogopite did not affect 
preferred orientations or microstructure, but that annealing of cold- 
worked synthetic talc removed the pre-existing basal plane fabric.
They did not suggest reasons for this behaviour. Tullis briefly 
reported that annealing of cold-worked, extremely finely ground 
muscovite powder produced a good preferred orientation normal to the 
compaction direction in the powder. Once again no specific mechanism
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was p r o p o s e d .  I t  was t h u s  d e c id e d  t o  a t t e m p t  t o  r e c r y s t a l l i s e  s i n g l e  
c r y s t a l  and a g g r e g a t e  l a y e r  s i l i c a t e  s p e c i m e n s ,  i n  o r d e r  t o  s t u d y  t h e  
d e t a i l s  o f  any r e c r y s t a l l i s a t i o n  p r o c e s s e s  o b s e rv e d  i n  t h e  l i g h t  o f  t h e  
m e t a l l u r g i c a l  knowledge .
P h l o g o p i t e  s i n g l e  c r y s t a l  spec im ens  were  deformed a t  low t o  
m odera te  t e m p e r a t u r e s ,  and a n n e a l e d  a t  t e m p e r a t u r e s  j u s t  below t h e i r  
m e l t i n g  p o i n t .  A perm anen t  m a l f u n c t i o n  i n  t h e  a p p a r a t u s  used  p r e v e n t e d  
a n n e a l i n g  o f  more t h a n  25 m in u te s  d u r a t i o n  a t  t e m p e r a t u r e s  a t  wh ich  
r e c r y s t a l l i s a t i o n  r e a d i l y  took  p l a c e .  I t  was o r i g i n a l l y  i n t e n d e d  to  
s tu d y  t h e  r e l a t i o n s h i p s  be tw een  t h e  deformed g r a i n  and r e c r y s t a l l i s i n g  
g r a i n s  d u r i n g  a n n e a l i n g  a t  v a r i o u s  t e m p e r a t u r e s .  The l a c k  o f  m o d era te  
to  long  t e rm  a n n e a l i n g  e x p e r i m e n t s  p r e v e n t e d  t h e  c o m p le t io n  o f  t h i s  p r o ­
gramme, b u t  t h e  r e s u l t s  o f  s e c t i o n  A.2 r e v e a l  a number o f  f e a t u r e s  
which h e lp  t o  d e f i n e  t h e  r e c r y s t a l l i s a t i o n  mechanisms o f  t h e  l a y e r  
s i l i c a t e s .
R e c r y s t a l l i s a t i o n  o f  f i n e - g r a i n e d  t a l c  a g g r e g a t e s  was f i r s t  
p e r fo rm e d  i n  t h i s  d e p a r t m e n t  by Dr B.E.  Hobbs,  who s h o r t e n e d  them 10% 
t o  20% a t  25°C o r  300°C,  and a n n e a l e d  them f o r  ^  t o  two h o u r s  a t  600°C 
to  650°C.  He a l s o  s h o r t e n e d  a few spec im ens  up t o  40% a t  650°C.  The 
g r a i n s i z e  and t h e  P . 0 . 1 ,  b o t h  i n c r e a s e d  somewhat d u r i n g  a n n e a l i n g  
and h o t - w o r k i n g  i n  most o f  h i s  e x p e r i m e n t s .  I t  was i n t e n d e d  t o  c a r r y  
ou t  a programme o f  e x p e r i m e n t s  t o  d e t e r m i n e  t h e  k i n e t i c s  of  
r e c r y s t a l l i s a t i o n  o f  t h e  t a l c  a g g r e g a t e s ,  b u t  some d i f f i c u l t y  was 
e n c o u n t e r e d  i n  p r o d u c i n g  homogeneous d e f o r m a t i o n  a t  t h e  p r e s s u r e s  
a v a i l a b l e  i n  t h e  h ig h  t e m p e r a t u r e  r i g ,  and t h i s  was n o t  p o s s i b l e .
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However, some successful experiments were carried out. These were 
examined optically and by x-ray techniques, together with those of 
Dr Hobbs, in an attempt to define an operative recrystallisation 
mechanism (section 4.3). A study was also made of the heterogeneously 
deformed specimens, and an account of this is given in chapter 5.
4.2 Recrystallisation of Phlogopite Single Crystals 
4.2.1 Experimental Techniques
Cores of h inch diameter were drilled parallel to (001) from a number 
of large (up to 30 x 30 x 20 cms) single crystals of phlogopite from 
Hart’s Range, central Australia. The phlogopite is very faintly pleochroic 
from colourless to pale brown in thin section and has a 2V of 5°. It has 
an Mg:Fe ratio of about 90:10 (table 4.1). Most crystals are partially 
replaced by clinopyroxene and spinel, and contain some kinks, but these 
were avoided where possible in the specimens used here.
Most specimens were deformed in the solid pressure medium 
Griggs’ apparatus (cf. section 2.3) at 10 kbars and 300°C, being 
shortened up to 35% prior to annealing at 1000°C to 1100°C. Open 
circuiting of the furnace assembly invariably curtailed the experiments 
after 5 to 25 minutes at these temperatures. Various types of assembly 
were used in an attempt to overcome this problem, and some of the 
experimental variables were also changed. The amount of strain was 
varied, the annealing was carried out without removing the load (stress 
anneal of Hobbs (1968)), and one specimen was shortened at 800°C. None 
of these solved the furnace problems, but neither did they noticeably
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affect the resultant annealing textures. Because of this, most of the 
features described and the conclusions reached in this work come from 
one specimen (RH1), which was shortened 35% at 300°C and annealed for 
10 minutes at 1100°C. The other specimens (a total of eleven) were 
shortened less (up to 25%) and annealed at 1000°C or 1050°C.
Some difficulty was also encountered with impurity effects on the 
e.m.f. recorded by the thermocouples. It is thought that the temperature 
recorded for RH1 is quite accurate, but others may be up to 50° in error. 
This will be recorded in the text when other specimens are described.
4.2.2 Results
The stress-strain properties of the material are difficult to assess 
in this type of apparatus, especially for weak specimens, because the 
measured piston load includes considerable frictional forces. It is 
assumed that the phlogopite is similar in strength to the biotite 
described previously (cf. chapter 3). The pre-annealing microstructure 
of the phlogopite is indistinguishable from that described for the 
deformed biotite single crystals in chapter 3.
Figure 4.1 is a photomicrograph of most of the specimen RH1, 
the graphite furnace and the immediate talc pressure medium. This 
thin section was cut slightly away from the specimen axis on the 
opposite side of the specimen to the thermocouple. Comparison with 
fig. 2.1 shows that for a thermocouple temperature of 1100°C, the 
temperature across the centre of this section will be 1150°-1200°C.
On this scale, the central band (normal to the axis) of the specimen
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appears tobe completely and coarsely recrystallised, grading out to 
normal deformed material at each end. Closer examination reveals a 
complex series of annealing phenomena with increasing temperature in 
the specimen. This series is divided into three basic types:
(i) Migration of the kink boundaries.
(ii) Formation of large new grains, generally parallel to 
deformed material, in the hottest regions.
(iii) Growth of small grains within the larger new grains 
of (ii) .
In addition to these, there are a number of less common features 
attributable to annealing. These are, the growth of small new grains 
within the old deformed material at an angle to it, the optical 
'clearing' of small regions of the deformed crystal away from the 
hottest regions, and the growth of new grains from a kink band, having 
the approximate orientation of that band, into the adiacent kink band.
4.2.2.1 Migration of Kink Boundaries
Serration of kink boundaries is the first visible evidence of 
annealing on the optical microscope scale with increasing temperature.
It is present in the hot regions of specimens) which display no other 
sign of annealing, and in the slightly cooler regions in specimens with 
extensive new grain growth. Figure 4.2 illustrates the earliest visible 
stages of this boundary migration, with small, isolated displacements 
in the original plane (compare with the planar boundaries in figs.
3.4 and 3.5). With increasing temperature and/or time these displacements
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or serrations increase in amplitude and spread along the boundaries 
(fig. 4.3). Eventually, a kink band may disappear completely in 
places, breaking up into bleb-like regions (fig. 4.4). A consistent 
property of the migrated segments of a boundary is that they are 
bounded by the (001) plane of the crystal, always on one side of the 
boundary and often on both (fig. 4.5).
From the bleb-like regions mentioned above, evidence of new grain 
growth is occasionally seen. A fairly large grain may grow with an 
orientation (at least of (001)) very close to that of the shrinking 
band out into the adjacent one (fig. 4.6).
In the early stages of kink boundary migration, some boundaries 
become highly serrated while others remain quite straight. The angle 
of bending (u) of chapter 3) was measured across a selection of 
boundaries in such a region. These were translated into misorientations 
across the boundary by putting oo equal to 180°-to if w is greater than 
90°. The misorientations were then plotted as frequency diagrams 
(fig. 4.7), with separate diagrams for serrated, straight and total 
boundaries. Comparison of the diagrams for the serrated and straight 
boundaries (fig. 4.7(a) and (b) respectively), and comparison of both 
with the total (fig. 4.7(c)), clearly indicates that boundaries with a 
misorientation of 60° to 80° across them are more mobile than others.
4.2.2.2 Large New Grains
The central area of the specimen RH1 as shown in fig. 4.8 is 
extensively recrystallised. It consists of an interlocking mosaic of
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euhedral grains up to 0.4 mms x 0.08 mms in size. These grains are 
optically 'clearer’ (compare figs. 4.8 and 4.2) than the deformed 
material, and always contain smaller grains within them (fig. 4.1). 
Examination of the gradation from the deformed material towards the 
central recrystallised region reveals that most of the new grains originate 
with (001) parallel or almost parallel to that of the adjacent 
deformed material (fig. 4.10). In fact, relict kink boundaries can be 
traced through parts of the recrystallised material as serrated 
boundaries between two groups of mica grains, each having a dominant 
(001) orientation (figs. 4.12 and 4.13). However, there are some 
grains which cut across these grain groups at varying moderate to high 
angles (fig. 4.11), without apparent relationship to the deformed 
material either. The interlocking mosaic of grains in the very hottest 
parts of the specimen often include narrow, wedge-shaped pockets of 
glass (fig. 4.8).
Along the margins of some specimens adjacent to the furnace, and 
just away from the areas of extensive recrystallisation, narrow (about 
0.04 mms wide) strips of optically clearer material are common (fig.
4.14). These strips are characterised by lower density of visible cleavage 
planes, slightly lower birefringence, and the presence of coarser new 
grains than the adjacent material. In fact, they are identical in 
appearance to the large grains described above, except that they appear 
to be crystallographically continuous with the matrix, but for 
a straight, barely visible boundary between them (fig. 4.14).
Figures 4.16(a), (b) compare micro-laue patterns of small
(approx. 30 pm diameter) areas in original crystal, a»»«loar band and
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a large new grain respectively. All three display a little streaking 
of the spots, mainly parallel to (001), indicating that, away from 
kink boundaries, the amount of deformation is small and remains after 
annealing.
Electron microprobe analyses of the five areas shown in fig. 4.1 
were carried out, and the results are listed in table 4.1. The three 
new grains are obviously phlogopites of similar composition to the two 
original material areas, but there are systematic differences between 
the new and old grains which seem to be significant. It is noted first 
analyses 1 and 2 (old grain) are almost identical, as are analyses 3, 4 
and 5 (new grains), the major differences being between the iron, 
potassium and sodium contents of these two groups. The average 
(Fe^O^+FeO) is reduced from 2.75% to 1.48%, the Na^O from 0.14% to 
0.04%, and the K^0 is increased from 10.74% to 11.09%. Due to the 
internal consistency within the two groups, it is believed that these 
differences are real and significant.
4.2.2.3 Small New Grains
Smaller new grains occur within the larger new grains described 
above, in the 'clear' bands, along some low a) kink boundaries, and 
scattered throughout the deformed crystal in areas adiacent to the 
hottest zones. Examples of these are illustrated in figs. 4.8, 4.14, 
4.17 and 4.18 respectively. There is an overall decrease in their 
average size in the order listed above, but they never exceed 40 pm 
in length. The larger ones tend to be rectangular in section, and to
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have well-developed planar sides. Generally, the relationship between 
crystallographic orientation and grain shape is impossible to deduce, 
because the grains are too small to show their own birefringence, 
rather than that of the host material. In the few cases where this 
correlation is possible, the long dimension and the planar faces are 
parallel to (001), and this is assumed to be generally true. Estimating 
the angles between these grains and the matrix in which they grow is also 
made difficult by the lack of certainty of their orientation. However, 
if only those grains at a high angle to the section, with a length to 
width ratio of greater than 3:1 are considered, and their long, planar 
faces are assumed to be parallel to (001) , the distribution of 200 such 
angles is shown in fig. 4.19. There is little or no tendency for a 
particular orientation difference between the small grains and their 
matrix.
The small new grains along kink boundaries are generally restricted 
to boundaries with a low misorientation (w value) across them. They are 
often elongate parallel to the kink boundary, but they are too small for 
their crystallographic orientation to be resolved. Very rarely, 
discrete small grains can be seen adjacent to high m kink boundaries.
These grains have an orientation intermediate between those of the matrix 
on either side of the boundary.
4.2.3 Discussion
The theory of deformation and annealing recrystallisation in metals 
has been applied to a number of silicate minerals. The predominant amount
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of this work has been on quartz (Hobbs, 1968, 1971; Green, 1970;
Wilson, 1970). Due to the success of this application in these cases, 
the theory will be outlined in some detail here to see if it is 
similarly applicable to the layer silicates.
When deformed metals are annealed, two stages in the formation of 
new strain-free grains are recognised - recovery and recrystaliisation. 
Recovery consists, at least in part, of the lowering of dislocation 
density in a deformed crystal by the migration of dislocations into 
stable arrays or groups where equal and opposite pairs are annihilated. 
The regions of low dislocation density surrounded by these arrays or 
walls are known as subgrains. The formation of subgrain boundaries 
involves the climb of edge dislocations out of their slip plane, or 
the cross-slip of screw dislocations. Subsequent growth of these or 
similarly derived subgrains is referred to as recrystallisation. 
Recrystallisation of a deformed metal generally produces a distinct 
preferred orientation of the new grains, and it is the various processes 
that lead to this preferred orientation which are of interest here.
Two stages are recognised in the recrystallisation process, 
nucleation and growth. The boundary between these stages is ill-defined, 
but nucleation may be considered as the formation of strain-free areas 
suitable for rapid growth, the latter stage including the relative 
growth rates of these nuclei. Argument still continues as to whether 
the preferred orientations finally developed in recrystallised metals 
are due to a selection of the orientation of original nuclei, or 
random nucleation followed by selective growth (cf. Beck and Hu, 1966).
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It now appears that both may play a part, and they are discussed 
successively here.
Three main nucleation processes have been proposed:
(i) Classical or homogeneous nucleation,
(ii) Preformed or subgrain nucleation,
(iii) Bulge nucleation.
The first of these was applied to solid state recrystallisation by
Becker (1938) from Volmer and Weber's (1926) theory of random condensation
of a group of vapour atoms to form a liquid nucleus. Random
(homogeneous) nucleation of this type will occur if the volume free
energy gained by the reduction in stored energy associated with nucleus
growth is greater than the increase in surface free energy of the nucleus
boundary. Calculation of these free energies for various metals has
shown that this condition is obtained only for nuclei with a radius
greater than about 1 ym. Also, the activation energy of the process
is inordinately high (Cahn, 1966). The likelihood of forming such a
large nucleus by random thermal fluctuations is considered to be so low
that this mechanism is not viable. Since the properties of mica are
quite different from those of metals, a simple calculation along the
lines described above was carried out to estimate its critical nucleus
3size. Using a cleavage surface energy for mica of the order of 10 
2ergs/cm (Gutshall, Bryant and Cole, 1970), a stored deformation energy 
of 1 cal/gm (using Gross' (1965) value for calcite as an approximation), 
and a flat rectangular solid with sides in the ratio of 10:10:1, the 
critical size is just over 1 ym x 1 ym x 0.1 ym. This is again 
thought to be too large to be feasible.
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The preformed nucleus theory depends upon the availability of 
nuclei in the form of subgrains in the deformed material subsequent 
to some recovery. It has been suggested that suitable subgrains 
form in areas of greatest deformation, since the dislocation density, 
and thus the misorientation between subgrains is highest there.
It is acknowledged that the highest angle boundaries (above a critical 
value) will move fastest. Growth of the subgrains into nuclei of 
reasonable size has been proposed to take place by one of two mechanisms 
- subgrain growth (Walter and Kock, 1962; Cahn, 1966), or subgrain 
coalescence (Hu, 1962; Li, 1962). In the first process, a network of 
subgrains forms with low-angle tilt walls, and selected boundaries 
migrate, annihilating adjacent subgrains. As this subgrain consumes 
others, and absorbs their dislocations into its boundary, the 
misorientation across the boundary increases until it reaches the 
critical value for high mobility, and recrystallisation proceeds. The 
coalescence process is similar, except in the basic process of the 
combination of adjacent subgrains. Hu (1962) proposed that 
redistribution of the dislocations and some of the atoms around the 
walls of two adjacent subgrains enables one or both of them to bodily 
rotate until they coincide. A larger subgrain is thus formed with a 
different misfit with respect to its neighbours. Continuation of this 
process eventually results in recrystallisation in the same way as 
described above. The difference between the two mechanisms is the 
orientation of the large subgrain or nucleus formed. Subgrain growth 
requires that the growing grain have the same orientation as one of the
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original subgrains, whereas coalescence allows rotation of the 
subgrains away from their original orientation during growth. This 
orientation difference is implicit in the varying assumptions of 
simple tilt boundaries between the subgrains (subgrain growth theory,
Walter and Koch, 1962), and general boundaries between them (subgrain 
coalescence theory, Hu, 1962).
Bulge nucleation (Bailey and Hirsch, 1962) is not dependent on the 
presence of preformed subgrains, but only of a preformed high-angle 
boundary. Bailey and Hirsch established that, with a difference in 
dislocation density on either side of a high-angle boundary, annealing 
will cause the boundary to move towards the denser side, absorbing 
dislocations as it goes. Local fluctuations in dislocation density 
cause bulges in the boundary with dislocation-free regions behind them. 
Comparison of volume and surface free energies for this bulge results 
in a reasonable critical size for its growth with a nucleus for 
recrystallisation. This type of nucleation is common in moderately 
deformed metals annealed at a temperature below that required for 
dislocation climb and subgrain formation (cf. Bailey (1964) for an 
example). It is also characterised by the necessity that the recrystallising 
nuclei must have virtually the same orientation as a discrete part of the 
deformed material.
The growth stage of the recrystallisation process depends only upon 
the rate of movement of the high-angle boundaries of the nuclei formed 
by one of the above processes. It is well established (Aust and Rutter,
1959) that boundaries with certain misorientations across them will
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migrate fastest, although the exact reason for this is debated (Gordon 
and Vandemeer, 1966). Aust and Rutter (1959(a), (b), 1960) carried 
out a number of experiments which purported to show that misorientations 
across the most mobile high-angle boundaries were such that the lattices 
of the grains on either side had a common superlattice (coincidence 
lattice) of a particular kind. This coincidence lattice may be 
described by overlapping the two misoriented lattices and noting the 
atoms of both which coincide. All such atoms make up the coincidence 
lattice (fig. 4.20). There are certain misorientations between grains 
which give rise to a particularly high density of coincident atoms (up 
to 1 in 3), and boundaries between these are generally the most mobile 
examples of Aust and Rutter (op. cit.). This was first explained by 
Kronberg and Wilson (1949) , who considered that the best-fit boundaries 
had the highest mobility because of the small atom movements necessary 
for them to migrate. Aust and Rutter (op. cit.) found that only impure 
metals showed evidence of this boundary mobility variation, and then 
only at low to moderate temperatures, although the amounts of impurity 
need only be very small (^ 1 p.p.m.). They attributed this observation 
to the lower absorption of impurities at the good-fit boundaries 
restricting their mobility by a lesser amount. At very high temperatures 
the impurities do not segregate to boundaries, and there is no variation 
in mobility.
Gordon and Vandemeer (1966) have thrown some doubt on these 
theories. They pointed out that Kronberg and Wilson's assumption that 
coincidence boundaries have the highest mobility is not necessarily
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correct. The very highest coincidence site boundaries (coherent twin 
planes) are virtually immobile. Lücke and Ibe (1966) have also shown 
statistically that the fastest moving boundaries, although they may 
approximate coincidence ones, are generally scattered for some range 
from them (up to 12° in their case). Gordon and Vandemeer considered 
that this scatter is significant, and correlated it with Li's (1962) 
theory that boundaries away from exact coincidence have the highest 
mobility. They expressed boundary mobility in terms of its 'porosity' 
(lack of coincidence) and the likely concentration of impurities in 
various boundaries, and concluded that boundaries with a small deviation 
from coincidence will migrate fastest. This was correlated with the 
data of Lücke and Ibe, and some of the data from Aust and Rutter (o d . 
cit.) which shows considerable scatter.
In spite of the above discussion, it remains that boundaries of 
the highest mobility are those across which there is a near coincidence 
relationship. The predetermination of nucleus orientation and especially 
this selective boundary mobility contribute to the overall preferred 
orientation produced by annealing recrystallisation.
This theory will now be referred in turn to the features described 
in sections 4.2.2.1 to 4.2.2.3 to test its anplicability to the case 
of recrystallisation in layer silicates.
The serrated kink boundaries, considered as general high-angle 
boundaries, seem to be direct applications of the bulge nucleation 
theory. Without details of their dislocation structure, however, it 
is impossible to predict any further how the nucleation takes place.
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The results illustrated in fig. 4.7 indicate a definite misorientation 
relationship across the most mobile boundaries, and so a search was made 
for possible coincidence lattice relationships in phlogopite. In the 
first place, networks of unit cell lattices as projected on [lOOj and 
[010] planes were overlayed and rotated with respect to each other about 
a cell corner. Coincidence of other like cell corners infers that any 
one point in these cells can be made to coincide by that particular 
rotation. The best coincidence relations established for these nlanes, 
and their densities in terms of number of unit cells per coincidence site 
are given in table 4.2. The kinking in these crystals takes place parallel 
to [100] so the highest mobility misorientation values will be around 42° 
and 73°. Of these, the 73° rotation is the only one evident from fig. 4.7, 
but this is not unusual, as many of the high density coincidence 
rotations are rarely or never found in metal textures. It is thus 
suggested that migration of kink boundaries may be analogous to that of 
high-angle grain boundaries in metals, with some near coincidence 
orientations being the most mobile.
Further consideration of one of the coincidence orientations in 
table 4.2 leads to a feature which may be of general interest in the 
recrystallisation of silicates. One of the coincidence rotations 
about [loo] is 70°, which has special significance in terms of 
silicon-oxygen (Si-0) tetrahedra within the lattice, as well as the 
normal lattice coincidence. Rotation of an Si-0 tetrahedron in mica 
through 109^° about ]~100[] produces the same Si-0 tetrahedron 
orientation as in the adjacent tetrahedral layer. This rotation
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produces a misorientation between rotated and unrotated segments of 
70^°, almost exactly that of the lattice coincidence rotation above.
Thus, in some cases a coincidence of whole Si-0 tetrahedra is obtained, 
which will raise the atomic coincidence density, and perhaps the boundary 
mobility. This may also explain the apparent higher mobility of the 
boundaries with a misorientation of around 70°, compared to those near 
the other lattice coincidence positions. The speed of boundary migration 
without having to break Si-0 bonds would probably be higher. Cursory 
examination of the structures of some other mineral species (e.g., 
pyroxenes and feldspars) has shown that this particular angular 
relationship between adjacent planes or rows of tetrahedra is quite 
common. It may thus be generally important in consideration of boundary 
mobilities during silicate recrystallisation.
The occasional growth of large new grains from the vicinity of 
mobile kink boundaries (fig. 4.5) may be another result of bulge 
nucleation. However, without details of dislocation structure further 
speculation on their origin is unwarranted.
The growth of large new grains parallel to the original crystal 
orientation is unlike anything previously described in metals. These 
grains appear to grow directly from original crystal material (fig.
4.9), with a decrease in cleavage density, and increases in optical 
clarity and the size of other new grains within them. With increasing 
temperature, other cross-cutting large grains are formed which are 
indistinguishable from these, but which would seem to have formed by 
an entirely different mechanism. In addition to these are the various
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types of small new grains. It is inconceivable that any of these 
originated by the bulge nucleation method, thus leaving only the 
preformed subgrain model of those outlined above to account for all 
the varieties of new grains.
The reluctance of any of these new grains to form at all but 
the highest temperatures is presumably a function of the dislocation 
structure of mica. Stacking disorders are common in layered structures 
such as mica, and these disorders or faults are bounded by partial 
(extended) dislocations (Amelyncz and Delavignette, 1962). It can be 
shown theoretically (Hirth and Lothe, 1968) that extended dislocations 
can only climb out of their slip plane with difficulty. Dislocation 
climb takes place by the formation and movement of jogs along them, 
which requires the diffusion of a vacancy into the jog. The difficultv 
with extended dislocations arises because of the necessity to diffuse 
a whole row of vacancies into the extended jog to move it. The presence 
of a single dominant slip plane in mica may also be important in 
retarding recrystallisation. Jaoul et al. (1957) deformed A1 single
crystals in orientations such that only one slip system operated, and 
in orientations where two systems were active. Only the latter showed 
signs of recrystallisation. They attributed this to the fact that 
dislocations of only one Burgers vector cannot completely surround a 
subgrain which is misoriented with respect to its host, thus removing 
the source of nuclei for recrystallisation.
According to the subgrain theories, nucleation can only occur in 
regions of rapid change in host orientation, that is along the kink
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boundaries in mica. The paucity of new grains in these positions 
provides further evidence for the inapplicability of the subgrain 
theories to the case of layer silicates. The restriction of 
dislocations to one plane may prevent the general subgrain rotations 
envisaged by Hu (1962) and Li (1962) from taking place, even if these 
subgrains could form.
It is thus apparent that a nucleation mechanism with other than 
solely stored strain energy as a driving force must be operative in 
mica under the conditions tested. The change in chemical composition 
during formation of the large new grains, both contiguous and 
crosscutting, is thought to be significant in this regard. The 
formation of a new phase in an old phase may be treated in a similar 
fashion to the homogeneous nucleation theory discussed earlier. As 
stated by Smoluchowski (1948) : ’Phase transformations occur because 
the free energy of the new phase is lower than that of the old phase.’ 
One thus merely sums the various positive and negative free energies 
involved in the particular transformation, arriving at a relationship 
of the following type (cf. Christian, 1965, p. 418)
AG = (gß - gQ + Agg) + gA - goV (i)
where AG = the overall free energy change from phase 3 to phase a;
gn and g are the chemical potentials of the . and phases; Ag is the 3 a r 3 a r s
increase in elastic strain energy involved in the phase change; a and tu 
are the surface and stored plastic strain energies respectively, and A 
and V are the area and volume of the nucleus of phase a. If AG is 
negative, the phase change is accompanied by a lowering of the overall
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free energy of the system and is thus enhanced. From a similar 
equation (neglecting stored plastic strain energies), Becker (1938) 
calculated that the critical size for growth of a particular phase 
from a solid solution, assuming various parameters, to be only about 
100 atoms. The activation energy for the process is a very reasonable 
500 cals/mole. It thus seems that if a phase becomes metastable under 
certain conditions, the chemical driving forces for nucleation of a 
new stable phase are quite high, much more so than the strain energy 
driving forces. The inclusion of both in (i) above further increases 
the tendency for nucleation.
To carry through such a calculation for mica, one would need to 
know the activation energy for diffusion, to have some way of assessing 
the entropy, and to be able to calculate the problems of elastically 
accommodating a nucleus of a particular volume, shape and orientation 
in the matrix. Without any suitable data, such a calculation is impossible, 
but it is obvious from the work on metal alloys (Christian, 1965, p. 606 
ff.) that the mechanism is a viable one. In the absence of any suitable 
deformation mechanisms, and with the significant chemical change that does 
take place, such a nucleation mechanism is quite feasible here. The 
possibilities of its application to other silicates, especially those 
belonging to a. solid solution series, is also quite high.
4.3 Recrystallisation of Talc Aggregates 
4.3.1 Experimental Techniques
Three different natural talc aggregates covering a range of 
grainsizes were used in these experiments. Most of the work was carried
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out on the fine-grained talc rock from Western Australia which is used
in this department as a pressure medium in piston cylinder apparatuses
and the Griggs deformation apparatus. It consists of more than 95%
talc with rare prisms of tremolite and dusty opaque minerals. On
the fine scale the rock is somewhat heterogeneous, with two dominant
talc grainsizes present. The proportion of each varies throughout
the specimens used here, but about 60-70% of the talc is very fine (ut>
to 5 ym) with patches of coarser (up to 20-40 ym) talc scattered throughout.
The coarse patches generally consist of five to fifty radiating grains
in a rosette pattern up to 0.2 mms in diameter. There is also a rough
gradation in grainsize from the fine matrix up to these rosettes in
some cases. Preferred orientation and intracrystalline deformation
of the talc are absent.
A few experiments were also carried out on two coarser-grained 
talc-rich rocks. The first was a very pure 99%) white talc rock 
from China (made available by the N.S.W. Museum) with an average 
grainsize of about 0.3 mms, and a fairly strong planar preferred 
orientation of basal planes. Cores from this rock were taken parallel 
to this orientation. The other rock was a less Dure, but unfoliated 
talc-feldspar rock from the Flinders Ranges in South Australia, which 
had a mean talc grainsize of 0.5 mms, and contained about 85% talc.
Cores 7 mms in diameter were deformed in close-fitting stainless 
steel jackets of 9.90 ± 0.05 mms external diameter in the high 
temperature gas apparatus. Deformation was carried out at temperatures 
from 25°C to 700°C at 3 or 4 kbars, the amount of shortening being 20%
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—Zf — j_ oat a strainrate of 13 sec in all but a few cases. Most of the 25 C
runs were annealed hydrostatically for up to four hours at 400°C to 800°C.
The coarse-grained specimens were shortened 10% or 20% at 300°C, some
being then annealed for two hours at 650°C.
When consistent homogeneous deformation of the fine-grained talc 
became unattainable at the working conditions of the gas apparatus 
(see below), specimens were deformed in the room temperature, liquid 
pressure medium rig (Paterson, 1964) at 8 kbars. Homogeneous deformation 
of identical specimens had been achieved in this apparatus at this 
pressure by Edmond and Paterson (1971). Having thus been deformed, 
the specimens were transferred to the gas apparatus for annealing at 
3 kbars and various temperatures.
4.3.2 Results
Only about one fine-grained talc specimen in ten deformed perfectly 
ductilely in the gas apparatus up to 4 kbars. Most deformed at least 
in part along numerous shears, especially near the ends of the specimen 
(cf. chapter 5 for details). All samples deformed in the room temperature 
apparatus at 8 kbars were quite uniformly barrelled and ductile, but thev 
did not change in any way after annealing for up to two hours at 800°C, 
and thus are not described in detail here.
The specimens which did deform homogeneously in the gas apparatus 
are characterised by the following properties. The P.0.1, increases 
with the amount of cold- or hot-working, is higher for hot-working 
above about 600°C than below this temperature, and increases with 
annealing above this temperature. However, precision and
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reproducibility of the P.0.1, values are insufficient to do more 
than distinguish these differences, and to divide specimens into 
two categories; cold-worked (lower P.0.1, of approximately 3.0), and 
recrystallised (higher P.0.1, of approximately 4.0). It is noted 
that these P.0.1, values are comparable to, or slightly higher than, 
those recorded for the synthetic phlogopite specimens (chapter 6) 
at the same strain values. However, the differences in the types 
of experiment and the nature of the material renders this comparison 
of dubious value.
Comparison of P.0.1, versus <J> profiles (fig. 4.21) for the 
cold-worked specimens and the annealed specimens shows that the P.0.1, 
has increased for <J> values below about 30° and decreased for <j> above 
this value. Multiplication of these profiles by sin cj> gives rise to 
actual grain volume versus <J> curves (fig. 4.2.1), enabling one to 
discern which grain orientations have been increased at whose expense 
during the annealing process. It is evident that the volume of grains 
at low <J> values ((001) at high angles to e^) has been supplemented by 
replacing grains with (001) at a lower angle to e^. The advantage of 
the grain volume profiles is that they emphasise the difference between 
similar P.0.1, profiles, especially at higher <f) values. However, they 
are somewhat deceptive around 4> = 0°, at which point they go to zero. 
The use of both types of profiles, as in fig. 4.21, enables the best 
results to be obtained.
Thin sections of cold-worked specimens are divided into three 
gradational zones. The central zone has a moderate preferred
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orientation of (001) of talc at a high angle to e ,^ without a 
noticeable change in grainsize from the undeformed material. The 
two end zones are almost unaffected by the deformation. The shape and 
relative sizes of the zones are shown in fig. 4.22. Close examination 
of the central zone reveals that most of the coarser talc grains with 
(001) originally at a low angle to are intensely kinked (fig. 4.23). 
Grains at a moderate to high angle to appear to be unchanged.
The immediately obvious change in microstructure after annealing 
is a coarsening of the grainsize of the fine talc in the central zone, 
together with an increase in preferred orientation. A study of the 
coarse talc rosettes from the undeformed end zones down through the 
centre of the specimen provides some information on this coarsening 
process. At the ends, where there is little or no deformation, 
rosettes retain their original form, with no signs of the cold-working 
or annealing. Closer to the centre, grains with (001) almost parallel 
to e^ are moderately kinked, and the rosette, if well-defined, may be 
elliptical in outline, but there is no sign of recrystallisation. In 
the central 20% to 30% of the specimen, however, there are no coarse 
grains with (001) at low to moderate angles to e^, nor are there many 
visibly kinked grains. The remaining coarse material consists of 
undeformed grains at an angle of greater than 50° to 60° to 
Figures 4.24 and 4.26 illustrate such a sequence of increasing 
deformation and recrystallisation. Comparison of the last of these 
(fig. 4.26) with fig. 4.23 taken from the centre of a cold-worked 
specimen shows the visible extent of annealing effects on the
microstructure.
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Due to the fine grainsize of the talc, most of the microstructures 
are undetectable in sections of normal thickness (30 microns), and 
sections of about 10 micron thickness were used here. Even in these, 
however, it was very difficult to find good evidence of the nucleation 
and growth of new grains within old deformed grains. The disappearance 
of the deformed material seems to take place quite suddenly, merely at 
the expense of undeformed grains with (001) at a high angle to 
without any clue as to the origin of the latter. In an attemnt to 
resolve the origin of the material formed during recrystallisation, 
the coarser-grained samples were cold-worked and annealed. However, 
no recrystallisation took place, even though some intensely deformed grains 
underwent two hours annealing at 650° (fig. 4.27).
Specimens hot-worked at 600°C to 800°C are indistinguishable in 
thin section from the cold-worked and annealed examples for similar 
imposed strains.
4.3.3 Discussion
The problem of the deformation and annealing recrystallisation of 
the talc aggregates described above may be divided into three sections, 
thus :
(i) The difficulty encountered in producing homogeneous 
ductile deformation under the conditions available
(ii) The production of a preferred orientation of (001) of 
talc by cold-working
(iii) The recrystallisation mechanisms of the talc.
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4.3.3.1 Ductility of the Talc Aggregates
The conditions under which the actual fine talc aggregate used here 
is ductile have been investigated by Edmond (1970). He found that it 
deforms completely homogeneously above 6 kbars at room temperature.
The brittle failure at 6 kbars and below was attributed to non- 
fulfilment of the Von Mises criterion for homogeneous deformation of 
a crystalline aggregate. Paterson (1969) discusses the apülication 
of this criterion to various rock-forming minerals, including the micas. 
He concluded that, with two slip directions in (001), kinking throughout 
on a fine scale will give rise to the equivalent to four independent 
slip systems. Kinking on a third slip direction will provide the 
fifth system necessary for satisfaction of Von Mises criterion.
However, Edmond (1970) suggested that, because talc crystals cannot be 
extended parallel to their basal plane, only four such systems are 
truly independent, and that this leads to the brittle behaviour at low 
pressures. At high pressures, where brittle behaviour is constrained, 
presumably by the prevention of crack extension, it is difficult to see 
how homogeneous deformation is achieved. Kocks (1970) has shown that 
grain boundary sliding does not add another independent component of 
strain, and Edmond and Paterson (1971) suggest that the pressure 
sensitivity of the flow stress of talc is not high enough to indicate 
extensive constrained cataclastic deformation. This suggests that, 
if the Von Mises-Taylor criterion holds for this case, that non-basal 
slip systems must be active. There is some evidence for this in layer 
silicates from the results of chapter 3, especially at higher
temperatures.
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Confinement in the strong steel -lackets is thought to helD to 
constrain brittle behaviour, and thus to have a similar effect as an 
increase in the confining pressure. Since brittle failure is 
constrained, the yield stress of the talc will rise, perhaps enhancing 
non-basal slip and fulfilment of the Von Mises-Taylor criterion. The 
variability in behaviour is attributed to slight changes in the 
porosity and fluid content of the specimens, which will affect the 
mechanical properties (Handin, et al., 1963; Edmond, 1970).
4.3.3.2 Reorientation of Talc During Cold-Working
The dominant evidence of deformation in the cold-worked specimens 
is intense, small-scale kinking in some grains. It is considered that 
the recorded preferred orientation in these specimens is achieved 
mainly by the rotation of segments of crystal from low (0° to 30°) 
angles to e^ to moderate to high (50° to 80°) angles to in kink
bands. By this mechanism, the volume of material at a low angle to 
is lowered considerably, and replaced by material at higher angles to 
as illustrated in fig. 4.21. Grain boundary sliding leading to 
bodily grain rotation probably further contributes to the preferred 
orientation, but the extent of its contribution is unknown.
4.3.3.3 Recrystallisation Mechanisms of the Talc
In the absence of direct observation of the growth of new grains, 
the following features are considered to be significant to 
considerations of a recrystallisation mechanism:
79
(a) Moderately deformed grains away from the central region 
of the specimens do not recrystallise
(b) In the central regions of the most highly recrystallised 
specimens, deformed grains are never seen
(c) All of the coarser grains in the central zones are 
oriented with (001) at a high angle to
(d) The coarse grained specimens show no signs of 
recrystallisation after annealing.
From these it is evident that recrystallisation only takes place 
in highly deformed, fine-grained material, and that grains with (001) 
at a high angle to grow at the expense of those deformed grains with 
(001) initially at a low angle to z^ .
It is well established that the propensity for a metal aggregate 
to recrystallise upon annealing is increased with increasing strain 
(Honeycombe, 1968, p. 297) and decreasing grainsize (Clareborough, 
et al., 1958). In fact, there is a critical amount of strain which 
must be induced into a particular specimen for it to recrystallise 
at a given temperature (McLean, 1962, fig. 8.10). Reducing the 
grainsize increases the grain boundary area, around which the most 
complex deformation takes place. This complex deformation enhances 
the possibility of recrystallisation. An example of this effect in 
silicates is given by the recrystallisation of very finely ground 
muscovite powder (Tullis, 1968). Attempts to recrystallise coarse­
grained muscovite below its breakdown temperature have failed (B.E. 
Hobbs, pers. comm.).
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It is expected that the formation of recrystallisation nuclei 
from subgrains in talc would be even more unlikely than in phlogopite, 
where direct evidence of it was not found after annealing at 1150°C.
This is due to the very low stacking fault energy of talc (Amelyncz 
and Delavignette, 1962), and the almost complete absence of unextended 
dislocations (cf. discussion in section 4.2.3 for explanation).
However, the annealing characteristics of the talc may be explained 
in terms of bulge nucleation, which was found to take place in the 
phlogopite single crystals (cf. section 4.3). Consider the case of 
two adjacent talc grains, one (grain A) with (001) parallel to the 
specimen axis (e^) ,the other (grain B) with (001) normal to it.
During cold-working, grain A will deform by kinking while grain B will 
be unaffected. If we assume that the dislocation density is high along 
kink boundaries (cf. section 3), then the high-angle boundary between 
the grains will have sharp variations in dislocation density across 
it where it intersects a kink boundary. Upon annealing, conditions 
for bulge nucleation are ideal at these intersections, with the 
undeformed grain B tending to grow along the kink boundaries in grain A. 
If this process is taken to completion, deformed grains originally at 
a low angle to be replaced by undeformed grains at a high
angle to e^, just as observed. Also, if grain B consumes grain A at 
a fairly uniform rate, it will be very difficult to recognise signs of 
this process taking place in thin section.
The absence of recrystallisation in the coarse-grained specimens 
is presumably due to the reduced grain-boundary area, and the paucity
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of intensely deformed talc grains adjacent to undeformed ones. The 
failure of the two-stage experiments on fine-grained material to 
induce recrystallisation under the same annealing conditions is not 
as simple to explain. Part of the driving force for nucleation is 
presumably lost during the pressure drop from 8 kbars to room pressure. 
Knowledge of the effects of pressure on deformation and recrystallisation 
is insufficient for a more explicit explanation.
4.4 Summary and Conclusions
The primary conclusions to be drawn from the results of the experiments 
in this chapter are:
(i) Of the standard nucleation mechanisms invoked to explain 
recrystallisation of metals, evidence has been found only 
for bulge nucleation in the layer silicates, even up to 
their melting temperatures
(ii) In the Phlogopite a change in chemical composition takes 
place upon recrystallisation. Since none of the standard 
nucleation theories apply to most of this recrystallisation, 
the change in chemical potential provided by the 
compositional change may well Drovide the driving force
for the nucleation. Such a driving force could also be 
present in any mineral group, such as the pyroxenes, the 
olivines and the feldspars.
(iii) Fine-grained aggregates of layer silicates recrystallise 
more readily than coarse aggregates and single crystals,
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presumably due to increased grain boundary area where 
complex deformation and bulge nucleation are more 
likely.
(iv) Bulge nucleation at grain boundaries is tentatively 
proposed as the mechanism for recrystallisation in 
fine-grained talc aggregates. A preferred orientation 
is achieved in these aggregates during cold-working 
by kinking of grains with (001) originally at a low 
angle to The crystal in the kink bands is
rotated to between 50° and 80° to during this process. 
Enhancement of this preferred orientation during 
annealing is brought about by replacement of this 
deformed material by grains at a very high 70°)
3'angle to e
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CHAPTER 5
HETEROGENEOUS DEFORMATION OF TALC AGGREGATES
3.1 General Statement
The theory and experiments of Becker (1893, 1904, 1907) set out 
to show that the foliation plane of deformed rocks is a nlane of high 
shear strain, and that mineral preferred orientation is incidental to 
the formation of the planar structure. In the light of the nonularity 
of the grain rotation model, it was decided to deform platy mineral 
aggregates along shear planes, and to study the mineral preferred 
orientation that resulted, in order to test for the compatibility of 
the two models.
The specimens used were the fine-grained Western Australian talc 
aggregates of section 4.3 that had failed to deform homogeneously. The 
strong steel jackets confined the deformation, so that complete brittle 
failure did not take place, and deformation occurred along 'plastic 
rupture' regions similar to the model of Becker (1907). Estimates of 
strain within these regions was made, using the method of Ramsay and 
Graham (1970), and compared with the orientation results.
5.2 Experimental Techniques
The techniques applied were identical to those listed for the 
earliest talc experiments in section 4.3.1. The specimens described in 
this chapter are merely the results of unsuccessful attempts to study 
the recrystallisation behaviour of the material. All of the specimens
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were thus shortened 20% at temperatures ranging from 25°C to 700°C, 
some of them being annealed for up to four hours at 400°C to 800°C.
Orientation measurements of shear planes and (001) planes of talc 
were made on a flat stage. The errors in this procedure are considered 
to be small due to the axial symmetry of the deformation. In such a 
case, the shear planes and talc basal planes will be at a very high 
angle to any section containing the symmetry axis. The very small 
grainsize of the talc grains renders it impossible to orient them with 
any accuracy, as does the width of most of the shear zones, so the flat 
stage measurements are quite sufficient.
5.3 Experimental Results
About 80% of all the fine-grained talc specimens deformed at 3 to 4 
kbars failed at least in part along localised shear zones. Encased only 
in thin-walled copper jackets they failed suddenly along a single plane 
at 40° to 50° to the shortening direction (e^), without any nlastic 
deformation in the body of the specimen. In the steel jackets, however, 
complete rupture and loss of strength never took place, and there is 
often some preferred orientation of the talc in the central regions of 
the specimen, as well as a number of discrete zones of displacement or 
very high talc preferred orientation.
These zones range in detail from narrow cracks (up to 3.01 mms wide) 
filled with a vein of epoxy resin during the sectioning process , to broad 
(up to 0.3 mms wide) kink-like zones of fairly highly oriented talc. 
Figures 5.1 to 5.3 illustrate this range in shear zone widths. The
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zones are most common away from the centre of the specimen, often 
delineating triangular undeformed regions with the endpiece as base 
and sides extending down from the specimen corners. The variation in 
the form of the shears is similar to that described for those in the 
synthetic phlogopite specimens (cf. section 6.2.1.3), and those in 
experimentally and naturally deformed clay (Morgenstern and Tchalenko, 
1967(a), (b)). Figures 5.4 and 5.5 illustrate the predominant groups 
of shear zones, with the slightly curved, acutely branching, narrow 
type being the most common.
There is little variation in the macroscopic character of the shear 
zones with deformation conditions. Specimens deformed at 3 or 4 kbars 
confining pressure, and at temperatures from 25°C to 800°C all contain 
some form of local brittle deformation, although the highest temperature 
runs do tend more towards homogeneous ductility. The orientation 
distribution of 100 of the shear zones with respect to en, from 
specimens deformed under the whole range of conditions is given in fig. 
5.7. There is no variation in this distribution with deformation 
temperature or pressure. The strong maximum around 45° in fig. 5.7 and 
the mean value of 46.0° for the 100 readings indicate close adherence 
to the theories of fracture in compression (Jaeger, 1962, p. 75). 
However, where there is a reasonable degree of preferred orientation of 
talc in the centre of the specimen, the shear zones curve noticeably 
away from e^. Thus, in the more homogeneous end. regions, some of the 
planes must make angles of less than 45° to e^.
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The sub-parallel sets of shears on either side of the triangular 
end-zones rarely intersect, and with the lack of any other markers in 
the rock, displacements across individual zones are difficult to 
estimate. However, the one good example illustrated in fig. 5.6 
indicates that this displacement is about 0.2 mms in this case.
The microstructures in all of the shear zone types described above 
are similar. They have a high preferred orientation of (001) of talc 
within them, this orientation changing and decreasing in intensity away 
from the zone centre as shown in fig. 5.8. The orientation of the 
talc across the shear zone is always with (001) at a low angle, but 
never parallel, to it. The distribution of these angles (taken near 
the centre of zones) is given in fig. 5.9. In the broader zones, the 
angle is generally higher than the mean of the measurements in this 
distribution (14.6°), up to about 40° in examples such as that in fig. 
5.3. It is impossible to recognise individual grains within the 
narrower zones, there being only a region of uniform birefringence, 
with a similar extinction position. The extinction direction at a low 
angle to the zone is always parallel to the slower ray, indicating that 
it is parallel to the (001) plane of the talc. However, rare features 
similar to grain boundaries with a low misorientation of (001)
(approx. 20°-30°) across them are visible in the intermediate width 
shears. These may be kink boundaries, but the resolution of the 
microscope is insufficient for definitive recognition.
The effects of annealing on the talc within the zones is difficult 
to gauge since individual grains are irresolvable. There does not
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appear to be any change in orientation, and changes in grainsize between 
such small grains can only be deduced from birefringence changes, 
which are sometimes present due to thickness variations anyway. In 
an attempt to emphasize any annealing effects, a snecimen was 
shortened more than 50% at 6 kbars in the liquid pressure medium 
apparatus at room temperature, and then annealed for 100 hours at 
650°C and 2 kbars in a hydrothermal bomb. As found for other two-stage 
annealing experiments (section 4.3.2), there is no definite evidence 
of recrystallisation, even though the strain and annealing times 
are extreme. This specimen contains a broad central shear zone 
diagonally across the specimen, with an apparently uniform high 
preferred orientation of talc across the zone (fig. 5.10). However, 
close examination of this zone reveals that it consists of a 
number of evenly spaced narrow zones with (001) of talc at a very 
low angle (approx. 10° to 20°) to their trend, with the uniformly 
oriented talc at 30° to 50° to the zone between them (fig. 5.11).
The most interesting feature of this specimen is the high 
proportion of fairly coarse material, in some of which there is good 
evidence of intense kinking. Most of the kink planes make an angle of 
20° to 30° to the trend of the shear zone, but in the opposite sense 
to the (001) orientation (fig. 5.12). The narrowness of these kink 
bands makes determination of the (001) orientation within them very 
difficult. In fact, the most intensely kinked grains fail to show any 
major changes in birefringence on rotation (cf. Borg and Handin, 1966, 
p. 289). Most of the coarse grains parallel to the dominant 
orientation of (001) in the shear are undeformed.
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5.4 Discussion
The importance of these results lies in the fact that a uninue tyDe 
of grain rotation is operative - that which would take place during 
movement on or shear parallel to the foliation plane. Since most rock 
foliations are defined by the orientation of (001) of layer silicates 
parallel to the foliation, such an orientation must be feasible from, 
this type of deformation if it is important in nature. It is obvious 
from fig. 5.9 and most of the foregoing descriptive work that the talc 
basal plane orientation is always oblique at a low angle to the shear 
zone. However, if much higher shear strains are involved in nature, 
then this low angle obliquity may become so small as to be 
immeasurable. Most of the following discussion will centre on the 
comparison between the possible shear strains in rocks and in these 
experiments.
The theory of strain distribution in shear zones is discussed in 
some detail, with several examples, by Ramsay and Graham (1970). They 
derive general strain equations for a model of finite inhomogeneous 
strain considered as a sum of infinitesimal homogeneously deformed 
elements. The boundary conditions of the deformation likely in natural 
shear zones are then applied to this theory, which is used to maD the 
strain distribution across several such zones. They assume a constant 
volume, simple shear deformation in these zones, with no deformation 
in the zone walls. It is considered that this model provides a good 
approximation of the strain pattern, but that the methods used to 
calculate the actual strains could be more accurate. Such an
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improvement could be gained by using a continuum approach similar to 
that applied to folding by Hobbs (1971). The basic strain equations 
used are the same. However, with the aid of foliation orientation 
within the zone and displacement of markers across it, the continuum 
method could provide exact values and orientations of the principal 
strains at any point within the zone. This would compare favourably 
with the infinitesimal approach adopted by Ramsay and Graham. Without 
the necessary displaced markers (the one example in fig. 5.6 is considered 
doubtful because the marker itself is a zone of movement), and details 
of the orientation of talc (here taken to be the equivalent of the 
foliation in Ramsay and Graham's examples) the continuum, method is 
impracticable here. Instead, the talc (001) preferred orientation in 
the main central part of some zones is assumed to be Darallel to the 
£1E2 P^ -ane t*ie strain ellipsoid, and the infinitesimal method is 
used.
The geometry of the simple shear process is shown in fig. 5.14, 
and the following relationship is used to calculate the shear strain, y
tan 2a = — (i)Y
where a is the angle between (001) of the talc and the margin of the 
shear in this particular case. As seen in fig. 5.15, the shear 
displacement ds across an element dx is given by:
ds = ydx (ii)
which may be summed across the zone to give, in the limit, the total
shear displacement, thus: 
x
s = j ydx (iii)
o
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In this case, o , and therefore y, are considered to be constant across 
the zone so the total shear displacement is simply given by:
s = y.x (iv)
where x is the width of the zone.
The axial ratio of the strain ellipsoid (here only e^:£^, since 
e 2 is unchanged) is given by:
£1 = /(y2 + 4) + y 
£3 /(y2 + 4) - y
From equation (i), the shear strain in a selection of zones ranges 
from 1.8 to 5.3, which, from equation (v) indicates that the strain 
ellipsoids have rat -^os of from 4:1 to about 35:1. Also, equation
(iv) gives a range of total shear displacements on various zones from 
0.1 to 0.3 mms. This compares favourably with the displacement (0.2 mms) 
shown in fig. 5.6.
From the work of Ramsay and Graham (op. cit.) on a selection of 
natural shear zones, these values are well within the range expected 
under natural conditions. Thus, the grain rotation plus deformation 
mechanisms which must operate in the cold-worked specimens, may be 
applicable to similar structures in foliated rocks (cf. chapter 7).
Also, since quite high strains (vis. the 30:1 ratio of strain 
ellipsoid axes) in the experimental shears give rise to definite 
misorientations (10°-20°) between talc (001) and the zone, it is 
difficult to reconcile this mechanism with foliations in rocks where
such a misorientation is undetectable.
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The deformation and reorientation of layer silicate grains in 
similar experimentally induced shears have been discussed by Borg and. 
Handin (1966). The main problem in this project is that the individual 
grains, let alone deformation structures within them, are difficult to 
resolve in the shear zones. However, it is considered that details of 
the mechanism of Borg and Handin are infeasible, so a modification of 
it is proposed which also accounts for the limited evidence from the 
highly deformed specimen.
Borg and Handin proposed that intense kinking and eventual brittle 
failure of mica grains in fault or shear zones in an experimentally 
deformed granite produce the apparent preferred orientation of (001) at 
an acute angle to the shear plane. This cannot be disputed from the 
evidence here, but their sketch model of how this takes place (op. cit. , 
fig. 27) is difficult to accept. The deformation illustrated by the 
top four crystal sketches of this figure (reproduced as fig. 5.13 here), 
showing the progressive kinking of a biotite grain is irreconcilable with 
the accepted basal slip mechanism (chapter 3). In fact, none of the 
deformation shown in these figures can be produced by basal slip. It 
must all be due to penetrative slip in the deformed kink bands parallel 
to their boundaries, which requires a constantly changing crystal slip 
system to operate during rotation of the band.
It is suggested here that very intense, but generally symmetric 
(cf. chapter 3) kinking plus bodily grain rotation produce the preferred 
orientation observed in the talc shear zones. The evidence from the 
highly strained specimen indicates that most of the well-oriented
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birefringent material is essentially undeformed, whereas the intensely 
kinked grains, which originated at a high angle to the zone, lose their 
optical properties and are not noticed in the overall birefringence of 
the zone.
The important result of the experiments described in this chanter 
is the angular discordance between layer silicate (001) orientation 
in shear zones and the trend of the zones. This discordance is nresent 
in cold-worked, cold-worked and annealed, and hot-worked specimens.
It is suggested that strains in similar zones in rocks are never 
sufficient to make this discordance undetectable. Thus, a shear 
mechanism with the foliation plane as shear plane is untenable if the 
]ayer silicate orientation is parallel to the foliation.
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CHAPTER 6
SYNTHETIC PHLOGOPITE EXPERIMENTS
6.1 General Statement
The model of bodily rotation of platy mineral grains to nroduce 
the preferred orientation which defines rock foliation seems to be 
the most prevalent in the literature of the last decade (Maxwell,
1962; Moench, 1966; Carson, 1969; Braddock, 1970). It was developed, 
with a little field evidence, from the concept of extreme pore fluid 
pressures in sediments in a deforming rock pile (Maxwell, 1962) , the 
high pore pressure being said to reduce grain-grain friction, 
enhancing grain rotation. The bulk of the experimental evidence 
available (Means and Paterson, 1966) lends some support to this 
theory, mechanical grain rotation being interpreted as the dominant 
reorienting mechanism during deformation of aggregates of synthetic 
platy minerals under various conditions. The platy minerals were 
grown from their components prior to and during deformation, which 
was carried out at temperatures from 20°C to 600°C. The resultant 
preferred orientation was considered to be comparable in all cases, 
even at room temperature, where growth processes are infeasible, 
suggesting that grain rotation was indeed important.
In contrast to this, Tullis (1968) produced very much higher 
preferred orientations in similar experiments on synthetic phlogopite 
and finely ground natural muscovite. He interpreted his results as 
indicating that recrystallisation was an important reorienting process.
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In an attempt to resolve this apparent discrepancy, and. to test the 
basic grain rotation model, four series of experiments with the same 
synthetic phlogopite material were carried out in this project. These 
series are listed below, and were somewhat self-regenerating, in that 
those of series I produced new results which were subsequently tested 
by introducing further variables in the later series.
(i) Series I: The grainsize of the initial mix was varied 
at constant strain, strainrate and temperature. This 
property was selected as the most important one (together 
with initial water content, cf., series III below) 
controlled during the specimen preparation, and which 
may markedly affect the final product in experiments of 
this type involving a chemical reaction and relative 
movement of adjacent particles.
(ii) Series II: Temperature, strain, strainrate and duration
of experiment were varied independently. Grain growth 
will be solely time dependent at constant temperature
in the absence of any deformation - induced growth 
mechanism. Thus, by changing one of these variables 
at a time with the others constant, and studying the 
resultant range of grainsize, yield and preferred 
orientation of the phlogopite, it should be possible to 
check for such a growth mechanism and begin to isolate 
its controlling variables.
(iii) Series III: The pore pressure was varied at constant
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strain, strainrate and temperature by various means.
This caused variations in specimen strength at constant 
strain, thus testing the effects of stress on the 
possible growth mechanism, as well as investigating 
the role of pore pressure, which is commonly cited in 
the literature.
(iv) Series IV: This series consists of three miscellaneous 
groups of experiments designed to investigate some of 
the problems arising from the earlier work. Some 
specimens were heated hydrostatically at 500°C for 
varying lengths of time, and then deformed at room 
temperature (25° ± 5°C), to reproduce the cold-working 
experiments of Means and Paterson (1966). Others were 
deformed in extension to study the preferred orientations 
and microstructures arising from strain of a different 
geometry. Finally, a few experiments are described 
which investigated the effects of competent narticles 
in the mix on the surrounding phlogopite fabric.
Each of these series will be described in turn, although general 
descriptive features attributable to all of them are not repeated 
after the first series. In all, about 70 experiments were carried 
out on synthetic phlogopite material.
6.2 Description of Experiments.and Results
6.2.1 Series I - Mix Grainsize Varied
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6.2.1.1 Experimental Method
In addition to the general techniques outlined in chaDter 2, the 
following variables were introduced in these experiments. First, the 
grainsize of the oxide mix was varied by grinding for varying lengths 
of time in a mechanical mortar. The grinding periods used were 1, 2, 5, 
10 and 24 hours. Each mix grainsize was heated at 500°C and 3 kilobars 
for 30 minutes before being shortened 20% and 40% under these conditions. 
These runs were then repeated without preheating, straining commencing 
as soon as 500°C was attained. The two groups of experiments correspond 
to Means and Paterson's (1966) late and early hot strain runs 
respectively.
6.2.1.2 Stress-Strain Data
The selection of stress-strain curves in fig. 6.1 does not show 
a great deal of variation with the experimental variables, but the 
following features are noteworthy:
(i) Yield strength does not vary notably throughout the 
series of runs
(ii) The rate of work hardening sometimes increases after 
about 10% strain, and then usually decreases markedly 
at higher (30-40%) strains, even to the extent of a 
stress drop in some cases.
Except in the case of the weaker ones (cf. section 6.2.3.2) this 
behaviour of yield-strengthen-weaken is fairly typical of all synthetic
phlogopite specimens.
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6.2.1.3 Microscopic Observations
The general microscopic features of this series of runs is given 
in some detail first, and is applicable to most of the synthetic 
phlogopite experiments. This is followed by a description of the 
properties particular to, and varying within the series.
The most distinctive feature of the specimen as a whole is its 
heterogeneity (in spite of this, there exists a substantial homogeneous 
region in which most of the measurements were made). It consists of 
three distinct regions; the central region of high mica preferred 
orientation where most reaction has taken place, the circumferential 
area of low reaction and almost uniform mica orientation, and that 
adjacent to each endpiece where phlogopite preferred orientation and 
yield are both low. Figures 6.2 and 6.3 show the relative shapes and 
sizes of these areas at 20% and 40% shortening, and clearly display 
the accentuation of heterogeneity with increasing strain. This 
heterogeneity and its variation with strain invalidate the absolute 
quantitative significance of the strain values given. In fact, the 
actual strains in the central regions, where most of the measurement 
and observation is carried out, are somewhat higher, this discrepancy 
increasing with the amount of shortening. However, the use of absolute 
mica preferred orientations in numerical strain analysis is considered 
to be quite unreliable, and the overall shortening strains quoted 
here are used only for internal comparison in these experiments.
Mineralogically, each specimen consists of a low to moderately 
birefringent mineral and various colourless to brown high-relief
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minerals, some of which show high birefringence. X-ray diffractometer 
traces consist predominantly of mica peaks, together with smaller peaks 
attributed to silica, magnesium oxide and a carbonate. It is 
concluded that the lower birefringent mineral is phlogopite, and the 
remaining material unreacted mix components (e.g., SiO^, MgO, K^CO^), 
or other non-silicate reactants (e.g., MgCO^) .
The reagents and extraneous reactants generally occur as round to 
highly flattened ellipsoidal grains or aggregates of high relief and 
brownish colour (fig. 6.5). Their longest dimensions range up to 100 
microns and average 20 microns. Thin sections of an unreacted pellet 
show that this shape is almost wholly induced during deformation at 
temperature and pressure (fig. 6.4) although some orientation and 
flattening does take place during the pellet formation. Most of the 
material in the unreacted pellet is optically isotropic or close to 
it, unlike the reacted specimen with its many highly birefringent 
grains, indicating that only a small amount of reagent fails to 
undergo any change during the experiments.
The phlogopite ranges from microscopically irresolvable regions 
of uniform low birefringence to discrete grains up to 1.5 mms long 
by 0.2 mms wide, elongate parallel to (001). The larger grains often 
lack a well-defined grain-boundary and appear to grade, with decreasing 
birefringence into the very fine-grained matrix (fig. 6.6). Means 
and Paterson (1966) suggested that similar 'grains' in their samples 
actually consisted of a large number of finer grains stacked up 
parallel to each other. However, the optical clarity and mottley
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e x t i n c t i o n  o f  t h e s e  a r e a s  i n  t h e  p r e s e n t  s p e c i m e n s ,  t o g e t h e r  w i t h  
t h e i r  f i r s t  o r d e r  o range  t o  b l u e  b i r e f r i n g e n c e  compared t o  t h e  grey  
t o  w h i t e  c o l o u r s  o f  t h e  f i n e r  m a t r i x ,  i n d i c a t e  t h a t  t h e y  a r e  d i s c r e t e  
g r a i n s  ( f i g .  6 . 6 ) .  The l a r g e r  mica  g r a i n s ,  a l t h o u g h  a lways d i s t i n c t l y  
e l o n g a t e  p a r a l l e l  t o  (001) and somewhat r e c t a n g u l a r ,  a r e  g e n e r a l l y  
r a t h e r  r a g g e d - e d g e d  u n d e r  h ig h  m a g n i f i c a t i o n .  F i g u r e s  6 . 7 ,  6 . 8  and 
6 . 9  show t h r e e  examples  of  t h i s  f e a t u r e ,  becoming more p ronounced  
from f i g .  6 . 7  t o  6 . 9 .  The shape  o f  t h e  g r a i n  m a rg in s  i s  o f t e n  
c o n t r o l l e d  by f r a g m e n t s  o f  non -m ic ac e ous  m a t e r i a l ,  even to  t h e  
e x t e n t  t h a t  t h i n  s l i v e r s  of  p h l o g o p i t e  may wind be tw een  such  f r a g m e n t s  
f o r  up t o  0 .5  rams ( f i g .  6 . 6 ) .
These  c o a r s e  g r a i n s  have a v e r y  s t r o n g  p r e f e r r e d  o r i e n t a t i o n  
no rmal  t o  t h e  d i r e c t i o n  of  maximum s h o r t e n i n g ,  w i t h  (001)  r a r e l y  
making an a n g le  of  l e s s  t h a n  70° t o  t h i s  d i r e c t i o n .  They a r e  sometimes 
weakly de fo rm ed ,  t h e  b a s a l  p l a n e  b e i n g  b e n t  t h ro u g h  10° t o  20° ,  n e a r l y  
a lways a round  a l a r g e  f ragm en t  o f  n o n -m ic ac e ous  m a t e r i a l .  A few g r a i n s  
a l s o  c o n t a i n  f i n e  s t r i a t i o n s ,  o f t e n  i n  c o n j u g a t e  s e t s ,  wh ich  make an 
a n g le  o f  40° t o  60° w i t h  ( 0 0 1 ) .  They a r e  t o o  s m a l l  t o  r e s o l v e  
o p t i c a l l y ,  b u t  may be v e r y  f i n e  k i n k  b a n d s .  Even s o ,  c o n s i d e r i n g  t h e  
i n s t a b i l i t y  o f  such  l o n g ,  t h i n ,  weak g r a i n s  i n  a de fo rm ing  m a t r i x ,  
t h e y  show s u r p r i s i n g l y  l i t t l e  i n t e r n a l  d e f o r m a t i o n .  These  l a r g e  
g r a i n s  a r e  p r e s e n t  i n  t h e  spec im ens  s h o r t e n e d  20%, and i n  even 
g r e a t e r  q u a n t i t i e s  a f t e r  40% s t r a i n ,  s t i l l  w i t h o u t  any m ajo r  i n t e r n a l
s t r a i n .
100
The distribution, grainsize and preferred orientation of the 
phlogopite varies in accord with the specimen heterogeneity described 
above. Coarse phlogopite grains (length > 0.3 mms) are very rarely 
found outside the central zone, and they become smaller and more 
equidimensional (length:width < 3:1) towards the margins of this zone. 
The radial boundaries of the central region are generally marked by 
sets of shear zones in the higher strain runs (fig. 6.3), but they are 
gradational to areas of lower phlogopite yield and preferred orientation 
at strains less than 30%. A similar gradation is present towards each 
end of the specimen, although there is sometimes a slight reversal 
of the trend immediately adjacent to each end.
The preferred orientation of the fine-grained (less than 0.2 mms 
long) phlogopite is much less pronounced than that of the coarse grains, 
and is controlled to a fairly great extent by the grains of non- 
micaceous material present. In fact, most of the grains at an angle of 
greater than 20°-30° to the dominant orientation lie parallel to the 
surfaces of larger mix grains as shown in fig. 6.10. The highest 
degree of preferred orientation of finer phlogopite is in the shear 
zones of the more highly strained runs. The basal planes of these 
grains are oriented at an angle of 15° to 30° to the shear (fig. 6.11), 
and at varying angles to the specimen foliation. They are always 
oriented in accord with the sense of shear in the zone, and never lie 
with (001) parallel to the zone (fig. 6.11), (cf. chapter 5).
The orientation of these shears is somewhat variable, but is 
generally at an angle greater than 50° to the foliation in the SDecimen.
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One hundred shear planes were measured in various sections on a flat 
stage, and the mean angle they make with the foliation is 52°. Since 
the thin section is cut from very close to the centre of the specimen, 
and since most of the shears are roughly circumferential cones about 
e the error in measuring their orientation is thought to be 
insignificant, especially when only the narrowest zones were selected.
The various shear structures observed are very similar to those 
formed experimentally in well-foliated kaolin clay subjected to direct 
shear by Morgenstern and Tchalenko (1967, b) although the broad kink bands 
preceding failure in their experiments is not always found. However, 
the major areas of rotation of mica preferred orientation extending 
from the corners of the central zone of many specimens (fig. 6.3) do 
contain most of the major shears, and may be comparable to these kink- 
bands. A representative selection of the various shapes, sizes and 
groups of shears are shown in figs. 6.12, 6.13 and 6.14. Most common 
are the long, narrow, single or branching shears (fig. 6.12) along 
which the specimen sometimes breaks during preparation. Short, narrow 
regions, sometimes in conjugate sets (fig. 6.13), of phlogopite 
oriented at 10° to 30° to the dominant orientation are also fairly 
widespread, but the broader, almost kink-like areas shown in fig. 6.14 
are comparatively rare. All of these shear zones are restricted to 
specimens shortened 40%.
Apart from the discrete coarse and fine phlogopite grains 
described above, most specimens contain areas of uniformly low 
birefringence with no resolvable structure, even at the highest optical
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magnification. These areas constitute large proportions in specimens 
of very low or very high yield, and are most noticeable in sections 
thinned beyond 30 microns. Because they are predominant in samples 
which give rise to mica x-ray diffraction patterns, they are presumed 
to be phlogopite. In specimens where continuous areas of this type 
of phlogopite can be examined, it has a mottled birefringence 
reminiscent of mica single crystals, and a strong birefringence 
contrast when rotated under the microscope. The orientation deduced 
from this contrast is (001) at a high angle to the shortening 
direction, but scattered small patches are misoriented substantially 
with respect to the remainder. It is presumed that this material is 
very fine-grained phlogopite.
Features peculiar to Series I - The change in the grainsize of 
the mix in this series markedly affects the overall appearance of the 
specimens in thin section. With increasing mix grinding time, they 
look much cleaner, contain more phlogopite which appears to have a 
higher preferred orientation, and the non-micaceous material is much 
finer. Figures 6.15 and 6.16 compare 40% shortened runs using two 
and 24 hour ground components to illustrate these features. The size 
of the coarse grains decreases as the starting mix becomes finer, 
and the whole central region becomes more uniform, it being harder 
to identify phlogopite grain boundaries and to separate the coarse 
from fine material. In the 24 hour ground samples, most of the 
coarser grains contain elongate cores of pale brown granular reagent
material.
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The macroscopic zonation of the specimens also becomes less 
pronounced as the mix grainsize decreases. There is quite a good 
preferred orientation of mica around the radial margins in the 24 hour 
ground runs, and the large shears which bound the central zone are 
less prominent. However, the conjugate sets of fine shears within 
the central region are very prominent in these specimens, one of 
them having a well-developed crenulation cleavage (fig. 6.13).
6.2.1.4 Quantitative Results
The P.O.I.’s for the twenty runs of series I are given with their 
experimental conditions in table 6.1. The half-hour pre-heat has 
a negligible effect on the P.O.I., but there is a slight increase with 
increasing mix grinding time, especially from one to two hours for 40% 
shortening. Conversely, the phlogopite yields given in this table 
increase quite markedly with grinding time for selected 40% strain 
runs. Again the pre-heating has no noticeable effect. The size of 
the coarsest grains decreases from just over 1.0 mms at one and two 
hours to less than 0.2 mms at 24 hours grinding. Concurrent with 
this, the bulk of the mica is irresolvable in the fine mix runs and 
ranges up to 0.1 mms at the coarse end.
6.2.2 Series II - Strain, Strainrate and Temperature Varied 
Independently
6.2.2.1 Experimental Method
Three separate groups of experiments are contained in this 
series. The first consists of seven specimens shortened 10% to 40%
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at 5% intervals, with the strainrate varied to keep the total reaction
time constant. The second group of six specimens were all shortened
40% at strainrates from 5x10  ^ sec  ^to 1x10  ^ sec in steps of 
-4 -1 -5 -11x10 sec , and at 5x10 sec . Three samples were also heated at
500°C and 3 kbars (the conditions used throughout the above groups of
runs) without straining for two, and four hours. Finally, seven
—4 — 1 ospecimens were shortened 40% at a strainrate of 2x10 sec at 400 C 
to 600°C in 50°C steps and at 475° and 525°. All of the starting 
material was ground for two hours, and was the non-stoichimetric variety 
(cf. section 2.2.1) .
6.2.2.2 Stress-Strain Data
The stress-strain curves of the variable strain group of experiments 
are internally consistent, in that all of the curves of runs up to 35% 
strain are coincident with the relevant segment of the 40% strain 
curve, within 20% error. This latter curve is also comparable with 
those in fig. 6.1. Similarly, all but the fastest of the variable 
strainrate curves are as expected, this one having a steeper gradient 
after yielding and then weakening at lower strain (fig. 6.17).
6.2.2.3 Microscopic Observations
The first group of specimens in this series displays a range of 
microscopic features with increasing strain. The sample zonation is 
enhanced, the preferred orientation of fine mica increases, the yield 
of mica is greater, and the size and frequency of the coarse,
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well-oriented grains both rise. The quantitative parameters reflect 
this trend. The P.O.I.'s increase from 1.5 at 10% strain to 5.0 at 
40% strain, reflecting both the better orientation of the fine mica 
and the increased prevalence of the coarse grains, and the pfüogopite 
yields rise from 48% to 68% over this range (table 6.2). The shape 
and preferred orientation of the coarse grains also change with strain. 
After 40% shortening the length to width ratio is 6.7, compared to 
4.9 after 20% strain, and the mean angle between the pole to (001) and 
changes from 6.4° to 3.7° at 20% and 40% strain respectively. These 
measurements are the means of 100 grains for each strain value. In 
agreement with the stress-strain data, no major shears occur in 
specimens shortened less than 20%.
In the second group, all but the fastest strainrate run are 
comparable in thin section and the measured parameters (table 6.3).
The errant sample has lower yield and P.0.1, values, which are reflected 
in thin section, together with the lack of large grains and the 
presence of large marginal shears. The next to fastest run (902) is 
visually similar to the remainder in thin section and it has the same 
mica yield, but it has a slightly lower P.O.I.. The heated but 
unshortened specimens have very low yields averaging 38%, and the 
length of time at temperature makes a negligible difference to the 
sample properties. However, they do have a very weak mica preferred 
orientation, as reported by Means and Paterson (1966). It is detectable 
as a slight change in the sample interference colours during stage 
rotation with a gypsum plate in the microscope, and as a very small
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slope of the x-ray texture goniometer profile. In both cases, a weak 
orientation of (001) of the phlogopite parallel to the specimen axis is 
indicated.
The final group of experiments in the series indicates that there 
is little or no variation in specimen properties over the tested 
temperature range. The yield and overall appearance in thin section 
are indistinguishable, and it is suggested that the variation in P.0.1, 
(table 6.4) is due to experimental errors.
6.2.3 Series III - Pore Pressure Varied 
6.2.3.1 Experimental Method
Recent studies of mica preferred orientation in rocks have emphasised 
the role of high pore fluid pressure in aiding particle rotation. It 
was thus desirable to vary pore pressure in some of these synthetic 
phlogopite experiments. It was found to be difficult to regulate this 
variable with any degree of control in the apparatus available, but it 
is believed that the following measures achieved a fair range of 
pressures, even though they are not known exactly. Firstly, pore 
pressure can be made equal to the external hydrostatic pressure bv 
ensuring that the copper sealing jacket leaks. This can be done at 
will by using a set of pistons whose diameter had been reduced 
slightly - at 3 kbars and 500°C this was sufficient to enable the 
argon pressure medium to leak under the jacket at the sealing ring.
It was noticed that specimens deformed thus had extremely low strength, 
and showed almost no work hardening, the maximum strength after 40%
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strain usually being less than 100 bars (cf. fig. 6.18). This 
experiment was followed by one at low pore pressure, brought about 
by sealing the copper jacket properly and venting the top of it to 
atmosphere through a porous plug and a hollow piston. It was hoped to 
reach pore pressure equal to atmospheric pressure, but it is unlikely 
that the specimen and alumina plug would have remained ideally porous 
throughout the run. This specimen was distinctly stronger than the 
norm, and it was thus decided to use the stress-strain properties of 
the specimen as the scale of pore pressure.
The following experiments were carried out, in order of increasing 
pore pressure and decreasing ultimate strength; vented to atmosphere 
through a porous plug, new (stoichimetric) mix with less water (sealed), 
old mix (sealed), old mix plus one and two drops of water respectively 
(sealed), and unsealed old mix. All specimens were shortened 40% at 
2x10  ^sec \  500°C and 3 kbars.
6.2.3.2 Stress-Strain Data
Typical stress-strain curves of each of the six experiments listed 
above are given in fig. 6.19. The yield strength decreases with 
increasing pore pressure, but it is the much more pronounced 
concommitant decrease in the degree of work hardening, and thus 
ultimate strength, which differentiates between the specimens. Figure 
6.18 shows the stress-strain curve of a leaked run taken to 55% shortening. 
The degree of work hardening begins to increase at about 40% strain, 
and steepens rapidly up to 55% strain.
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6.2.3.3 Microscopic Observations
The gradation of strength with pore fluid pressure is paralleled 
by increases in yield, preferred orientation, overall grainsize, and 
prevalence of coarse grains of phlogopite with decreasing pore 
pressure down to the standard mix specimen. The pore pressure equal 
to confining pressure specimens have very low yields and P.O.I.’s 
(table 6.5), and resemble the low (10%-15%) strain runs of series II. 
They contain no coarse mica, a moderately large proportion of very 
fine-grained material, and have a maximum grainsize of about 0.1 mms. 
The runs with added water grade up from these to the standard mix 
features described in detail above. The two lowest pore pressure 
runs (993, 2151) are similar, and quite different from the latter. 
They have a compact, even-grained appearance, with a maximum mica 
grainsize of 0.3 mms, almost none of the cryptocrystalline material, 
and a good yield. The main difference between these last two 
specimens is the zonation near the porous plug of the vented example. 
Immediately adjacent to the alumina plug is a thin (0.15 mms wide) 
band of completely unreacted mix, which grades rapidly into normal 
specimen material. This probably indicates that only this thin top 
layer is truly vented to atmospheric pressure, and some pore 
pressure is preserved in the remainder of the specimen as its 
permeability decreases with reaction taking place. The yield and 
P.0.1, values for series III are given in table 6.5. Figure 6.20 
also plots yield against P.0.1, for all 2 hour ground mix runs in
series I to III.
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6.2.4 Series IV
6.2.4.1 Experimental Methods
The first group of specimens in this series were heated at 500°C 
and 3 kbars for varying lengths of time, and then deformed at room 
temperature and 3 kbars. Some specimens were taken back up to 500°C 
for hydrostatic annealing. The pre-heating times used were half and 
two hours, specimens were shortened 20% or 40%, and annealing times 
up to two hours were imposed. The various combinations of conditions 
are given in table 6.6.
Four specimens were deformed in extension, and the total strains
-4 -1achieved range from 7% to 12%, at strainrates of 10 sec to
10  ^ sec \  and P-T conditions of 3 kbars and 500°C. All of these 
specimens failed at the quoted strains, curtailing the extent of this 
group of experiments.
Finally, a number of specimens containing quartz or calcite 
fragments were heated hydrostatically or deformed in compression, to 
investigate the effects of more competent fragments on the phlogopite 
orientation near them. To the normal mix was added 10% or 20% by 
weight of clean quartz sand (average grainsize of 0.3 mms) or crushed 
Wombeyan marble (av. grainsize of 0.2 mms) prior to compaction of the 
pellet. Hydrostatic heating was carried out at 3 kbars and 500°C for 
half to two hours, and shortening of 20% or 40% was also performed 
under these P-T conditions.
6.2.4.2 Stress-Strain Data
The stress-strain curves of two of the cold-work runs (40% 
shortening at 25°C after ^ hour at 500°C for 2 hour and 24 hour
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ground mixes) are illustrated in fig. 6.21. The coarser mix sample is 
of similar strength to the normal hot-worked specimens, with perhaps a 
higher yield strength, but the 24 hour ground mix specimen is much 
weaker. The specimens containing quartz or calcite fragments are of 
similar strength to the normal hot-worked equivalents (fig. 6.1), and 
their curves are not given separately.
6.2.4.3 Microscopic Observations
The cold-worked specimens are distinguished by low preferred 
orientation and yield of phlogopite (table 6.6). The grainsize of the 
mix, the pre-heating time and annealing of the cold-worked aggregate 
have little effect on these values. However, the initial mix grainsize 
does control the appearance of the specimen in thin section to some 
extent (figs. 6.22 and 6.23). The two hour ground specimens contain 
discrete fine grains up to 0.05 mms long, and a few coarser patches 
containing variously oriented phlogopite with some tendency for (001) at 
a high angle to All of the phlogopite in the 24 hour ground samples
is fine-grained, most of it being very fine-grained. All specimens 
contain shear zones, and they are very common in the 40% shortened runs. 
The orientation of the mica in these zones is with (001) between the 
zone trace and the plane normal to and at 10° to 25° to the former.
Grains appear to be a little coarser in the shear zones, but this is 
thought to be a briefringence effect due to stacking up of the grains.
The specimens deformed in extension are similar in appearance to 
the undeformed ones, except that one deformed at 10  ^ sec ^ , which has
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a higher yield and preferred orientation of phlogopite parallel to e^ .
In this slow strainrate sample, the 'grains’ still tend to be elongate 
normal to e^, even though they have (001) parallel to it. The coarsest 
'grains' of phlogopite (0.07 mms long) have a core of mix material as 
shown in fig. 6.24. It is impossible to tell if such regions of mica 
are single grains or a mass of fine parallel grains.
The undeformed specimens containing quartz or calcite fragments are 
also similar to the normal undeformed examples, except in the immediate 
vicinity of the foreign fragments. There, the fine phlogopite grains 
are coarser and are oriented with (001) at a high angle to the fragment 
surface (fig. 6.25). Deformation produces coarser material on the 
fragment faces at a high angle to this mica having (001) close to
parallel to the adjacent face. The other fragment surfaces have little 
effect on the phlogopite around them. The weaker, flatter (normal to e^) 
calcite fragments and the stronger quartz fragments have the same effect.
6.3 Mechanics of a Specimen Throughout a Run
Any consideration of the grain orientation mechanisms in aggregates 
such as these must take into account the porosity, permeability, pore- 
pressure, grainsizes and grainshapes within the specimen during 
deformation. To this end, an attempt is made here to trace the variation 
of these quantities throughout the normal experiment. With only limited 
information available, such an analysis must be tenuous.
The porosity of the specimen pellet prior to the experiment is about 
30%. During the increase in confining pressure to 3 kbars, there is a
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length decrease of the order of 15 to 20%, giving rise to a volume decrease 
(assuming similar radial compaction) of at least 30%. This would suggest 
that most of the porosity has already been removed. A further small 
reduction in volume occurs as the temperature is increased to 500°C, 
but this is balanced by the volume decrease in the mix components upon 
the formation of phlogopite. Thus, the overall porosity prior to 
deformation would seem to be very small, but two factors increase it 
slightly. Firstly, radial compaction is significantly less than 
lengthwise compaction, due to friction at the endpieces and the strength 
of the copper jacket; secondly, water released from the silicic acid has 
a volume of about 0.02 ccs (approximately 3% of the original specimen 
volume), and this water is known to leave the specimen prior to the 
completion of the run (it is found on the endpieces and pistons). It 
is thus suggested that the porosity of the specimen at 3 kbars and 500°C 
is reduced to a small amount, probably less than 5%, and that the fluid 
phase present in the specimen must thus have a fairly high pore pressure.
The presence of particles mostly elongate normal to the shortening 
direction (fig. 6.5) infers that the pores also will have such a shape 
(fig. 6.26), increasing the possibility of long, narrow channels normal 
to through the specimen. The permeability^ at least in this direction, 
is thus thought to be fairly high considering the low porosity.
Comparison of figs. 6.4 and 6.5 shows that the grainsize of the components 
does not vary much during a run, but the elongate shape of the non- 
micaceous particles is considerably enhanced with strain.
The overall picture of the mechanical properties built up above
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may be summarised as those of a network aggregate of fairly strong 
micaceous particles with low porosity but fairly good permeability, 
and changing grain and pore shape.
6.4 Discussion
6.4.1 General Statement
Discussion of the results outlined in this chapter will begin by 
comparing them with similar work reported by Means and Paterson (1966) 
and Tullis (1968). The important features of the present experiments 
will be outlined, and a theory of the development of mica preferred 
orientation will be presented. Reasons will then be given for differences 
between this theory and that of the previous workers, followed by an 
explanation of the particular results of the various series described 
in this chapter in terms of the theory. Its application to the 
development of mica preferred orientation in foliated rocks of various 
types is discussed in chapter 8.
6.4.2 Discussion of Previous Experimental Work
The only definitive experimental work of this type was published 
by Means and Paterson in 1966, although Tullis (1968) has outlined some 
initial results to a meeting of the American Geophysical Union, and has 
been kind enough to furnish a transcript of his lecture to the present 
author.
Means and Paterson (op. cit.) carried out experiments on similar 
material in the same apparatus as the present work, and arrived at the
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conclusion that bodily grain rotation was the predominant orienting 
mechanism of the phlogopite. They based their argument on the fact 
that similar preferred orientations of mica were obtained in specimens 
deformed at room temperature, where neither grain growth nor 
recrystallisation could take place, and at 530°C to 600°C. If their 
data is correct, this is the only reasonable conclusion. However, it 
is now intended to show that for various reasons, mostly unforseen by 
these workers, that the P.O.I.’s quoted by them are unreliable, and 
that their other data can be reinterpreted differently.
The many sources of error inherent in the x-ray texture goniometer 
measurement of P.O.I.'s have been listed and discussed in chapter 2.
The effects of the large beam size (larger than the uniformly deformed 
area of the specimen), and the presence of reflections not due to (003) 
of mica in the measured x-ray intensities are suggested to be the most 
important.
Quantitatively, the effects of the former cannot be established, 
but the theoretical correction procedure outlined in section 2.5.1.2 and 
comparison with some figures from the experiments of this chapter enable 
minimum limits to be placed on the latter. Table 6.7 lists the measured 
and variously corrected P.0.1, values of a selection of eleven of Means 
and Paterson's specimens. The x-ray texture goniometer profiles were 
made available by Dr Paterson. Column three of this table shows that 
the correction for non-basal mica reflections in the intensities measured 
at the (003) peak are small. It is the changes in background intensity 
values which lead to the significantly higher P.O.I.'s in the fourth,
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fifth and sixth columns. As a comparison, table 6.8 lists the same 
corrections to P.0.1, values measured on (003) peaks on some of the 
series I specimens from this thesis, with the P.O.I.’s at (001) added in the 
last column. It is impossible to know which of the background corrections 
used in these tables is nearest to being correct, in fact it will vary from 
specimen to specimen depending on the yield.
A number of other factors make analysis of the data of Means and 
Paterson difficult. Firstly, there is a discrepancy between the P.0.1, 
values of their 'poor' yield samples (a mean of 1.3 for a mean strain of 
22%) and their 'good' yield ones (1.6 for 23% strain) in the specimens 
shortened 10% to 30% at high temperatures. Comparison with table 6.5 
shows that this trend is followed in the present experiments, and for 
the sake of this analysis only the 'good' yield values will be used.
Of the four cold-worked samples reported by Means and Paterson, run 
number 260 has a poor yield and number 265 has its P.0.1, value bracketed, 
so they are not considered. Thus, we have to compare twenty hot-worked 
specimens with an average P.0.1, of 1.6 at an average strain of 23% with 
two cold-worked samples having a mean strain of 15% and P.O.I.'s of 1.3 
- a difficult task in the light of the errors discussed above. It is 
concluded that the P.0.1, results of their work are inconclusive in 
determining a mica orienting mechanism.
The description of the microstructures in Means and Paterson (op. 
cit.) shows that there is an appreciable difference between samples 
subjected to the same treatment in their work and in this project.
Study of some of their thin sections (made available by the authors) and
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personal communications with Dr Paterson have only served to emphasise 
this discrepancy. Its origin is puzzling, since the only difference in 
materials and procedure is the greater water content of the silicic 
acid used by Means and Paterson; however, the range of added water used 
in both investigations provides for overlap of this property, and the 
microstructures are quite different throughout. The stacking of grains 
illustrated in fig. 4(b) of their paper has not been reproduced in this 
work to the same extent, and the common grains of mica up to 1.0 mms 
long described in this chapter are completely absent from their specimens. 
Bearing these differences in mind it is possible for different conclusions 
to be reached from the similar sets of experiments. However, the lack 
of reproducibility in Means and Paterson (1966) compared with the quite 
good reproducibility in this project, together with the errors involved 
in their x-ray techniques suggest that their grain rotation mechanism is 
not fully substantiated.
Tullis' report to the 1968 A.G.U. meeting describes and discusses 
the results of three experiments on a similar synthetic phlogopite mix 
and one on a very finely ground natural muscovite powder. He obtained 
significantly higher P.O.I.'s than Means and Paterson, higher even than 
the P.O.I.’s predicted from the theoretical model of March (1932), which 
prompted him to propose that a different mechanism was operative in his 
samples. Tullis did not discuss this mechanism in detail, but merely 
proposed that ’recrystallisation' was probably involved. This could 
include any of the mechanisms listed in section 1.3.3, and since his 
published work is very sketchy, it is difficult to reach any firm 
conclusions regarding the published material.
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6.4.3 Theory of a Mica-Orienting Mechanism in These Experiments
The following is a list of the features described in this chapter 
which are considered to be important in defining an orienting mechanism 
for the synthetic phlogopite.
(i) The very low yield and P.0.1, values of the cold-worked 
specimens compared to the moderate to high values of those 
deformed at 500°C.
(ii) The increase in yield of phlogopite with increasing strain 
while all other conditions remain constant.
(iii) The increase in the number and size of the coarse, 
highly-oriented grains of phlogopite with increasing strain, 
and the paucity of internal deformation within them.
(iv) The very fast growth of the coarse grains under the 
prevailing conditions.
(v) The increase in phlogopite yield and preferred orientation 
with decreasing pore fluid pressure, with the other 
conditions unchanged.
(vi) The closely matching increase in yield and P.0.1, under 
all conditions (fig. 6.20).
The importance of these six properties lies in the fact that not one 
of them is compatible with a dominant grain rotation mechanism of mica 
reorientation. Taken together, it is considered that they overwhelmingly 
point to some dependence of a preferred direction of grain growth during 
straining, especially of the coarse phlogopite grains. Such a mechanism 
for forming highly oriented grains could arise from the following sources.
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(a) Recrystallisation (in the metallurgical sense) of mica 
grains deformed early in the straining procedure.
(b) Stress-induced growth of grains of a particular 
orientation due to their anisotropic elastic properties.
(c) The effects of anisotropic surface free energy on grain 
growth in a stress field.
(d) Some other mechanism, as yet undocumented, dependent upon 
the growth properties of mica and the conditions existing 
during specimen deformation.
Considering the results of chapter 4, the growth of such large, 
well-oriented grains by recrystallisation of deformed material under the 
conditions imposed and in the time available seems most unlikely. The 
absence of any such recrystallisation from the cold-worked runs annealed 
for two hours at 500°C lends further support to this conclusion.
The theory of stress-induced crystallisation of oriented grains 
due to their anisotropic elastic properties has been developed by 
MacDonald (1959) , Kamb (1959) and De Vore (1969) . The Dreferred 
orientation predicted for mica is with (001) normal to the maximum 
principal compressive stress (o^). Even though the detailed stress 
distribution in these specimens is unknown and probably complex, the 
mica orientation is normal to that of the macroscopic stress direction. 
However, it is the speed of growth of the coarse grains which also renders 
this theory untenable in these experiments. The difference in the 
chemical potential between the orientations with (001) parallel and 
normal to (Kamb, 1959) is only just over 2 calories per mole (using
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a2_~°2 = ^00 bars and the elastic constants determined by Alexandrov and 
Rhyzova (1961) as quoted in Clarke (1966)). This small driving force 
for preferred crystallisation is considered to be incompatible with the 
speed of growth and highly restricted orientation of the coarse grains.
Thus it seems that we must fall back on some orienting mechanism so 
far undocumented in the geological literature. The affinities of such a 
mechanism are thought to be limited to surface free energy considerations 
or some factors controlling crystal growth under anisotropic conditions. 
The effects of surface energies on grain shapes and interfaces have been 
summarised for metal aggregates by Smith (1964) , and extended to silicates 
by Vernon (1968) and Kretz (1966). However, most of this, esnecially 
the detailed metal work, applies to hydrostatically annealed aggregates 
presumed to have reached a steady state. Observations on highly
j
anisotropic minerals (including mica) by Vernon (1968) have shown that 
the most highly developed crystal face is always dominant in aggregates, 
whether or not there is any preferred orientation. Once again this 
equilibrium aggregate work is of little application in this case of 
crystals growing from solution, but no other relevant work has been done. 
The theory of crystal growth from solution is little more helpful, as it 
is not sufficiently developed to include such esoteric phenomena as the 
effects of non-hydrostatic stress, or the state of an anisotropic crystal 
growing in a deforming (flowing) fluid. Strickland-Constable (1968) 
emphasises the rudimentary state of knowledge of anisotropic crystal 
growth. He summarises the known features of crystal growth from 
solution as follows; the rate of growth of a crystal is controlled by
121
the rate of mass transfer of its components in solution to its growing 
faces, and the surface adsorption process acting when these components 
arrive. The actual speed of growth depends on the slower of these two 
steps. He also states that imperfections (e.g., dislocations) in the 
crystal encourage growth, and foreign inclusions inhibit it.
With this paucity of useful information, any conclusion reached 
will necessarily be tenuous, but the following mica orienting mechanism 
is put forward to account for many of the observations presented in this 
chapter. It is immediately emphasised that this is considered to be the 
important, not the only mechanism operative in these specimens. Others, 
especially limited grain rotation, must contribute to the overall result.
It is proposed that the high degree of orientation of coarse grains 
of mica is due to a combination of three factors:
1) The marked tendency of mica to grow fastest parallel to (001).
2) The anisotropic distribution and supply of the components 
for mica growth in the deforming sample on the grainsize 
scale.
3) The anisotropic constraints on crystal growth due to the 
deformation of the whole sample and the shapes of other 
solid particles near the growing crystal.
Rather than attempt to justify this mechanism in detail, especially 
in the absence of theoretical or previous experimental evidence, each of 
the distinctive features described in section 6.2 will be referred to it. 
First, however, its compatability with the previous experimental work
will be considered.
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Errors in some of the results of Means and Paterson (1966) have 
already been discussed, the sum total of which renders most of their 
quantitative data somewhat unreliable. However, a number of the 
features they describe from thin sections are considered to be quite 
compatible with the above mechanism. Firstly, they emphasise the high 
preferred orientation (P.0.1. 20) of the coarser grains in their hot-
strained specimens, which are never highly deformed. This is quite 
compatible (despite the actual grainsize difference) with feature (vi) 
above, and is difficult to reconcile with a grain rotation mechanism. 
Reinforcement of this conclusion is gained by comparing figs. 3(b), 4(b) and 
6 from Means and Paterson (1966). The first two are photomicrographs of 
hot-worked runs, and the other of a cold-strained sample. They are all 
quite different, but fig. 6 contains distinctly more equidimensional and 
less well defined grains, as well as a visually apparent lower phlogopite 
preferred orientation. It is thus considered that, although there is some 
unaccountable difference between the two sets of experiments, little of 
Means and Paterson's useful data contradicts the above mechanism. Some 
even seems to favour it rather than the suggested grain rotation.
The available data of Tullis (1968) is inconclusive, although the 
high (5.0 to 7.0) P.0.1, measurements from the phlogopite in his 
specimens (measured on (001)) seem to be more closely comparable with 
the results of this project than those of Means and Paterson.
6.4.4 Explanation of Data in Terms of Anisotropic Growth Mechanism
6.4.4.1 Series I
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The experiments of series I, although they introduced the concept 
of a grain growth orientation mechanism from their general features, 
provide little evidence for such a mechanism from their internal 
variation. However, the effect of initial mix size on the phlogopite 
yield and grainsize is quite compatible with it. The consequences of 
the grainsize changes in terms of a grain rotation model are difficult to 
determine. Coarse mix grains may either retard the rotation of grains or 
enhance it, depending on their relative positions in the deforming 
material. Decreased mix size, however, will obviously increase the 
yield of mica, and, assuming that nucleation sites will be more 
prevalent, will decrease the maximum grainsize to produce a more 
uniform texture, as is observed.
6.4.4.2 Series II
The important variables in series II are the increase in phlogopite 
yield and grainsize with strain for a constant reaction time, and the 
difference between the fastest strainrate run and the slower ones.
To consider any of these in terms of a grain rotation mechanism, 
one must first try to picture the behaviour of the specimen on the 
grain scale during an experiment. Section 6.3 presents data for the 
possible porosity and fluid phase content of the sample in the unreacted 
pellet and at the P-T conditions of the average experiment. From this 
it is evident that at 3 kbars and 500°C the strength of the specimen 
is almost wholly provided by the network of competent mix grains in 
contact. It follows that movement of these grains over one another
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during deformation will cause them to break and abrade, providing more 
fine-grained material and thus better reaction. Assuming that the mica 
grains grow from their components carried in the fluid phase between 
the grains, the rate of growth of the fast grains will depend on the 
rate of circulation of the fluid, the supply of components to it, the 
readiness with which grain surfaces come into contact with the fluid, 
and any adjacent material which may inhibit their growth. The first 
two of these factors will be enhanced by the breaking up of the mix 
grains and relative movement of particles and fluid during deformation. 
They could account for the increase in yield with increasing strain 
without recourse to a mechanism such as that suggested above. However, 
they do not explain the increase in size, prevalence and preferred 
orientation, or the change in shape of the coarse mica grains, and 
it is these that affect the P.0.1, values to the greatest extent.
The proposal here is that some combination of the presence of mostly 
elongate non-micaceous particles, and particular direction of circulation 
of the fluid phase accounts for these results.
Figure 6.26 is a diagram of a section through a stack of almost 
touching parallel ellipsoids of various shapes. It is apparent from 
this that a grain of a mineral such as mica, which grows fastest parallel 
to one plane, cannot grow to any size with this plane at a high angle to 
the ellipsoid orientation, without considerable changes in the orientation 
of the plane. However, grains growing at a low angle (less than about 
30°) to the ellipsoid preferred orientation can grow to considerable 
lengths parallel to (001) by making only small deflections around other
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particles. The ellipsoids above and below these mica grains will also 
inhibit supply of material to the (001) faces, retarding growth normal 
to these faces. This accentuates the lengthrwidth ratio and thus the 
overall preferred orientation of the phlogopite. Movement of the fluid 
phase containing the mica components is expected to be enhanced parallel 
to the preferred orientation of the particles. This direction of fluid 
movement will ensure supply of material at the ends of the growing mica 
grains, enhancing the shape factor still further.
Increasing the strain on these specimens thus produces just the 
effects listed above, if the suggested growth mechanism is operative.
The failure of the very fast strainrate experiment to produce the same 
coarse grains, high yield and good preferred orientation as the slower 
ones probably reflects the incubation time of the reaction. One would 
not expect rotation to be affected by strainrate in this way.
6.4.4.3 Series III
The important result of this series is that the P.0.1, varies 
inversely with pore fluid pressure, opposite to the effect expected 
from a grain rotation mechanism.* As the pore pressure in a deforming 
specimen is decreased two competing processes affecting growth take place.
There is no theoretical or experimental justification for this 
conclusion in similar material, but it intuitively seems that when pore 
pressure equals hydrostatic pressure, interference between grains is 
a minimum and grain rotation is easiest. At least this is the view 
held by the proponenets of a grain rotation mechanism in foliated 
rocks (Maxwell, 1962; Braddock, 1970).
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Firstly, the mix grains will be pushed harder together, tending to break 
up and provide components for mica growth, and secondly, the lower fluid 
content will inhibit effective circulation of such components. From 
the results of section 6.23 (cf. table 6.5) it is apparent that the 
fluid pressure is never low enough for the latter to dominate, since 
phlogopite yield is highest in the lowest pore pressure runs. The 
variation in the coarsest phlogopite grainsize is not as straightforward, 
with a maximum at normal sealed specimen pore pressures. It is suggested 
that as the pressure is decreased below this value, the channels 
parallel to the elongate matrix particles close up and shorten, 
preventing the growth of large grains without lowering the overall yield.
6.4.4.4 Series IV
The distinctly lower P.O.I.'s and yields (table 6.6) of the 
cold-worked specimens conflict with the results of Means and Paterson 
(1966), and are incompatible with a dominant grain rotation mechanism 
throughout the four series of experiments. The slight increases in 
yield and grainsize over the undeformed specimens are presumably due 
to the grain stacking phenomena described by Means and Paterson. The 
increase in yield is not real, but merely reflects the difficulty in 
distinguishing between phlogopite, holes in the section and colourless 
mix components in the counting process.
In the extended specimens, the shape of the mica grains or aggregates 
(cf., fig. 6.24) with their longest dimension normal to e^, while (001) 
is parallel to e^, is apparently a reflection of the mix particle
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shape control on phlogopite growth. This control even overrides the 
natural tendency for growth of mica parallel to (001) in this case.
The results of the experiments on mixes containing hard foreign 
particles are not mechanistically important. The radial arrangement of 
mica grains around the foreign fragments in unstrained runs is a 
nucleation phenomenon combined with anisotropic growth properties of 
the mica. During deformation, these fragments act with the other 
non-micaceous particles in accord with the growth mechanism above to 
favour the growth of mica with (001) at high angles to
6.5 SUMMARY AND CONCLUSIONS
In this chapter, the results of about 70 experiments on the 
preferred orientation of synthetic phlogopite in deforming aggregates 
have been described and discussed. It is concluded that bodily grain 
rotation, classical metallurgical recrystallisation, and 
recrystallisation due to the anisotropic elastic properties of the 
crystal are all unable to account for the results. A mechanism based 
on the affinity for mica to grow parallel to (001), the constraints 
on growth due to existing material in the specimen, and the anisotronic 
distribution and supply of components for mica growth is postulated 
and rationalised in terms of these results.
It is not suggested that this is the only mechanism operative in 
these specimens, in fact, bodily grain rotation of the finer phlogopite 
grains would seem to contribute significantly to their preferred 
orientation. Neither is it intended that this mechanism is immediately
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of wide applicability in foliated rocks, but this possibility is 
discussed in some detail, in the light of recent descriptive work, 
in chapter 8.
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CHAPTER 7
SOME EXAMPLES FROM NATURAL MICACEOUS ROCKS
7.1 General Statement
In this chapter, four specially selected groups of mica-bearing 
rocks are described in some detail. Each is characterised by a 
particular property of the mica components related to deformation.
These properties have rarely, if ever, been previously noted in the 
literature, and serve as natural examples of some of the experimentally 
produced phenomena described in this thesis. The four groups and their 
important features are:
(i) A deformed dacite from Tumut, New South Wales, 
containing kinked and recrystallised biotite 
phenocrysts. This rock was deformed during a 
regional tectonic event and then intruded by a 
granite body. A gradation from kinked mica phenocrysts 
through partially recrystallised phenocrysts to a wholly 
recrystallised rock can be traced towards the granite 
intrusion. The orientation of the kinks relative to the 
regional deformation (cf. chapter 3), and of the new grains 
to the old grains upon recrystallisation (cf. chapter A) 
are studied here.
(ii) A large deformed single crystal of biotite of unknown 
origin contains variously appressed kinks, along whose 
boundaries extensive recrystallisation has taken place.
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Kink boundary migration and the orientation of the new 
grains (cf. chapter 4) are examined.
(iii) Two suites of low-grade foliated rocks are the subject of
a supporting paper by A.R. Collins and the author (Collins 
and Etheridge, in press). One of these suites (the Hill 
End Trough Slates) is described in detail elsewhere by the 
other co-author (Collins, 1971), and some of his results 
are quoted here to support the work of chanter 6 of this 
thesis. The other suite was studied by the present author 
(Etheridge, 1967), and its structures are relevant to 
chapter 5 in particular.
(iv) A suite of quartz-mica schists from Mt. Isa, Queensland 
(Wilson, 1970) with variable mica content are examined for 
mica grainsize, grainshape and preferred orientation. The 
results are compared with those from low-grade slates 
(Collins, 1971), and conclusions are drawn as to the 
origin of mica preferred orientation in medium to high- 
grade rocks from this comparison and the results of 
chapter 6.
In this chapter, these four groups of rocks are analysed in terms 
of the part of the thesis to which they pertain. The subdivisions of 
the chapter are made on this basis, and not on that of the suite 
grouping listed above.
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7.2 Kinks in Mica in Structural Analysis 
7.2.1 Results
Chapter 3 of this thesis describes the relationship between kink 
orientation and strain in simple compression experiments on constrained 
specimens. It also briefly discusses the relevance of this work to the 
use of kinks in mica for the dynamic analysis of deformed rocks 
(Turner, 1964) . The method of Turner is used here to determine the 
direction of maximum shortening (e^) from kinks in biotite phenocrysts 
in the deformed dacite. This result is compared with that derived from 
the method suggested in section 3.4.3, and the difference is discussed.
The dacite used is described by Ashley et al. (1970). It has 
been weakly to moderately deformed during a regional tectonic event 
which was accompanied by the intrusion of a nearby serpentinite.
A near vertical foliation in the serpentinite, in an adjacent granite 
body, and occasionally in the dacite is the main fabric element 
resulting from the deformation, and the dacite specimens were oriented 
with respect to it.
Measurements were made on six thin sections, three parallel to 
each of two perpendicular planes at right angles to the foliation.
The distribution of 200 poles to basal planes from these sections is 
shown in fig. 7.1. In deformed grains, these measurements were taken 
from unrotated crystal segments outside kink bands. The orientation 
of 200 poles to kink planes is shown in fig. 7.2, and of Turner 
(1964) (his a^) will be parallel to the maximum in this diagram. 
Conversely, the kink planes from the grains which satisfy the criteria
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given in section 3.4.3 give rise toe^oriented at the pt. P in fig.
7.2. The angle between the two predicted directions is 25°.
One of the grains used in the latter method is illustrated in fig.
7.3, above one of the more common type of kinked grains (fig. 7.4).
7.2.2 Discussion
Borg and Handin (1966, p. 284) have shown that kink bands in mica 
with (001) initially oriented oblique (10° to 50°) to will form with 
their poles also oblique to (op. cit., figs. 20A, B, C). This data 
is not in agreement with Turner’s (1964) generalisation that kinks 
always tend to form at right angles to e^. It is considered that the 
data presented here is a further refutation of this generalisation, 
even though the orientation of cannot be predicted with certainty. 
However, the following points are thought to indicate that was 
probably close to perpendicular to the marker foliation in the 
country rock.
(i) predicted from the experimentally deduced method 
of section 3.4.3 is normal to the foliation
(ii) The maxima of poles to kink planes in the dacite lie 
between the maximum preferred orientations of (001)
(not poles to (001)) and the normal to the foliation.
This is in agreement with the data of Borg and Handin 
(op. cit.) and the assumption that is normal to the 
foliation plane.
It is thus considered that the method of predicting the
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orientation of from kinks in mica presented in section 3.4.3 of 
this thesis is more generally applicable than that of Turner (1964) .
His method is only correct for no original preferred orientation of 
mica, or for a preferred orientation with (001) parallel to
7.3 Recrystallisation of Naturally Deformed Mica 
7.3.1 Results
The two recrystallised mica specimens described in section 7.1 
display quite different new grain-old grain relationshios, although 
the control over the growth of the new grains may be similar in both.
In the field, the transition from kinked mica phenocrysts in 
the dacites to completely recrystallised, fine-grained mica of almost 
unrecognisable origin takes place over a short distance of poor 
outcrop. Very few specimens contain both old and new mica grains, 
and in each of these there exists the whole range from almost unchanged 
single crystals to completely recrystallised patches (figs. 7.5 and 7.6 
respectively). Only those grains with easily recognisable original 
crystal and clearly defined new grains (fig. 7.7) were used for 
measurement of old grain-new grain orientation relationships. The 
distribution of 100 such angles is shown in fig. 7.9, and the mean of 
the measurements is 68.9°. For comparison, the distribution of the 
angles between 100 kink planes and undeformed (001) of their grains 
is given in fig. 7.10, and the mean of these is 74.7°. Very few 
kink planes remain visible in the recrystallised specimens, but where 
they do, recrystallisation is often closely associated with them
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(fig. 7.8). In most grains, however, recrystallisation is scattered 
uniformly throughout (fig. 7.7), without being controlled by maior 
deformation features. The fine grainsize of the new grains in most 
cases made microprobe analysis very difficult and its results 
uncertain. The one satisfactory analysis of a new grain and its 
host are very similar, and well within the range of the two old grains 
analysed.
In the deformed single crystal, recrystallisation is almost wholly 
restricted to the immediate area along high-angle kink boundaries 
(fig. 7.11). Almost the whole area of such sharp boundaries in three 
separate thin sections is recrystallised, but where they become discrete 
regions of bending recrystallisation is much less common (fig. 7.12). 
Evidence of migration of kink boundaries is widespread, especially in 
these regions of bending and along lower angle boundaries adjacent to 
the high angle ones (figs. 7.12 and 7.13). This boundary migration 
may eventually result in the formation of a distinct euhedral grain 
with one end in common with the host and one end at a low angle to it 
(fig. 7.14). Coherence of the single crystal around a region of bending 
is thus impaired (fig. 7.12).
Along the high-angle, sharp kink boundaries, the recrystallised 
grains tend to be parallel to the boundary. The distribution of 100 
measurements of the angle between the trend of the boundary and (001) 
of a recrystallised grain is shown in fig. 7.15. The shape of the 
new grains varies somewhat with orientation, being longer and thinner 
(length parallel to (001)) when at a low angle to the kink boundary
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(fig. 7.16). Microprobe analysis of three new grains and three 
homogeneous areas of undeformed, unrecrystallised host was carried 
out, and the results are given in table 7.1. As with the experimentally 
recrystallised grains (table 4.1), the differences between new and 
old grains are small but seem to be significant compared to the very 
small variations within each group of three analyses. Titanium and 
iron are higher, and aluminium and magnesium are correspondingly lower, 
with the other elements essentially unchanged.
7.3.2 Discussion
Cursory observation shows little similarity between the recrystallisatior 
behaviours of the mica in these two rocks. The mica in the dacite is 
rarely deformed, and contains new grains generally distributed evenly 
throughout the old grains, whereas the large biotite single crystal has 
only recrystallised along high-angle, sharp kink boundaries. Also, 
orientation of the new grains parallel to kink boundaries is dominant 
in the single crystal and not immediately apparent in the dacites, and 
migration of these boundaries is restricted to the former. However, 
measurement of the angles between (001) of old and new grains, and 
between kink boundaries and (001) of old grains in the latter indicate 
that a similar type of control may be present there. In the single 
crystal, nucleation of new grains is almost wholly restricted to 
kink boundaries, a tendency not obvious in the dacite micas.
However, one of the rare kinked and recrystallised grains (fig. 7.11)
does show a similar restriction.
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Explanation of these observations in terms of the limited 
experimental data of chapter 4 is difficult, but consideration of 
them in terms of the metallurgical theory outlined in section 4.2.3 
may be fruitful. Apart from the kink boundary migration, the 
recrystallisation features of these rocks are not generally comparable 
to those produced experimentally (cf. section 4.2.2), except for the 
few kinks which seem to grow parallel to low-angle kink boundaries 
(fig. 4.17). However, recrystallisation in metals (cf., Hu, 1962) 
and some silicates (Hobbs, 1968) is known to take place preferentially 
along deformation or kink band boundaries, and the theory of this 
behaviour may be applicable here. The theory was devised by Li (1962) 
and Neilsen (1966) and experimentally verified by Hu (1962, 1969), and 
has been described in section 4.2.3 as subgrain coalescence. 
Superficially, the subgrain coalescence theory may seem applicable to 
the nucleation of the new grains along the kink boundaries in these 
rocks. However, it has been shown in section 4.2.3 that subgrain 
formation is difficult in layered structures because of their low 
stacking fault energy. The restriction of the dislocations and their 
Burgers vectors to a single plane would further hinder subgrain 
formation and coalescence, especially if large rotations are to be 
accomplished by the latter, as is required here.
Following again from the discussion section 4.2.3, it is evident 
that 'homogeneous' nucleation with chemical as well as strain-induced 
driving forces is the only possible mechanism. The changes in 
chemical composition from old grain to new grain in the recrystallised
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single crystal lends further credence to this hypothesis. Nucleation 
along kink boundaries would be enhanced by the increased strain energy 
and lattice misfit along them. The lattice misfit contribution is 
discussed by Christian (1965, p. 644) for nucleation of precipitates 
from alloys preferentially along grain boundaries. Similarly, growth 
of the nuclei parallel to kink boundaries would be enhanced, due to the 
possibility of increased diffusion rates, and high dislocation density 
differences between the strain-free nucleus and the boundary. In the 
dacites, where larger angle kink boundaries are rare, the control over 
new grain orientation could be due to either or both of two processes. 
Firstly, very low angle kink boundaries, which would be difficult to 
detect optically in recrystallised grains, would have dislocation 
arrays parallel to them which may behave similarly to the higher 
angle boundaries above. Secondly, random homogeneous nucleation 
throughout the old grain may be modified during growth by coincidence 
lattice effects. The mean and maximum of old vs. new grain angles 
near 70° are in agreement with the lattice and possible Si-0 
tetrahedral coincidences listed in table 4.2, and discussed in section 
4.2.3.
It is thus concluded that, although there is little obvious 
similarity between the recrystallisation in the mica of the experimental 
specimens, the dacites or the natural single crystal, the same 
nucleation and similar growth mechanisms for new grains may be operative
in all cases.
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7.4 Shape, Size and Orientation of Mica in Some Foliated Rocks 
7.4.1 Results
Three suites of foliated rocks were examined for the purposes of 
this section. The first two, low-grade slaty rocks, are the subject 
of a supporting paper accompanying this thesis (Appendix II), and the 
third is a group of quartz-mica schists from a sequence of amphibolite 
grade rocks west of Mt. Isa, Queensland. Most of the relevant work 
from the two slaty rocks is given in Appendix II, but detailed 
measurements of grainsize and shape versus orientation are taken from 
Collins (1971). The measurements on the quartz-mica schists were made 
by the present author.
Collins (1971) concluded that the mica fabric of the Hill End 
Trough slates (cf. Appendix II) was greatly influenced by a dependence 
of grain growth on the strain pattern. One of the factors influencing 
this decision is data on the shape of mica grains in various parts of 
the microstructure, and variation in this shape with (001) 
orientation. During measurement of mica preferred orientations in 
a suite of quartz-mica schists from Mt. Isa (cf. section 7.5), a 
similar mica grain shape trend was noticed, and some measurements 
were made. Figure 7.17 shows a selection of results from Collins 
(1971). For comparison with these, lengthrwidth ratios are plotted 
against orientation for a mica-rich schist, and for mica-rich (M-domains 
of Collins) and quartz-mica (Q-M domains of Collins) domains in a 
more quartz-rich schist in fig. 7.18. The regions sampled are 
illustrated in figs. 7.19 to 7.22. The data of Collins (1971) is
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presented as means and standard deviations, but data from the schists 
is better represented by a scatter diagram, due to the smaller number 
of measurements made. The tendency for long, thin grains to be at 
a low angle to the foliation is evident in both rock types, as is 
that for grains in M-domains to be longer and thinner than those in 
Q-M domains.
7.4.2 Discussion
The grain shape versus orientation data presented above is strong 
evidence of some constraints on mica grain growth during the deformation, 
especially in view of the lack of internal deformation of the grains.
The question now arises as to what were the factors contributing 
towards these constraints. The possibilities have been listed in 
chapter 1 and discussed in chapter 6, and include the elastic 
anisotropy of the crystals (Kamb, 1959, 1961; De Vore, 1969), the 
distribution and supply of components for mica growth, and spatial 
constraints on this growth. It is considered that the concepts of 
’stress-minerals' (Harker, 1950) and stress-dependent crystallisation 
(Swanson, 1941) include some or all of these, and do not introduce any 
other feasible growth controls.
The ease with which mica grows from its components experimentally, 
and the high degree of preferred orientation obtained (chapter 6) 
have been explained in terms of anisotropic distribution and supply 
of components, and spatial constraints during deformation (section 
6.4.3). It was considered that equilibrium theories of crystal growth
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of elastically anisotropic minerals under non-hydrostatic stress 
(Kamb, 1969; MacDonald, 1960; De Vore, 1969) provide insufficient 
driving forces for growth of such large crystals in such a short time.
As Kamb (1959) has stated, this small driving force may be quite
feasible on the geological time scale. However, it is suggested that,
since the spatial and component supply constraints have such a marked
effect in short-term experiments, they would also be the dominant
growth controls in rocks. It is admitted that the conditions existing
in rocks during deformation will be quite different from those in the
specimens described in chapter 6, but it is difficult to neglect these
constraints even during completely solid-state growth. This is borne
out by the similarity of the grain shape data between the slate and
the schist. In the slate, the presence of reasonable amounts of fluid material
throughout the rock during most stages of deformation is quite
likely, whereas it seems probable that grain growth in the solid
state accounts for much of the present microfabric of the schist.
Both of these material histories give rise to very similar grain shapes.
Discussion of the relevance of these conclusions to the general 
concept of foliation genesis is left until chapter 8.
7.5 Total Crystallographic Preferred Orientation in Micas 
7.5.1 Results
Since the preferred orientation patterns of (001) of layer 
silicates are ambiguous in terms of a deformation or reorientation 
mechanism, the preferred orientation of other crystal axes may provide
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useful information. Previous work of this type has been restricted to 
[lOOj and [OlOJ determinations by optical methods (Dubois, 1967;
Turner, 1940; Kvale, 1945; Fairbairn, 1942). All of the patterns 
obtained have been considered to be significant and have been 
interpreted in various ways. In this section, a number of [lOO] 
fabric patterns from quartz-mica schists from Mt. Isa are presented, 
and their significance with regard to the (001) orientation is 
computed, discussed and compared with those previously published.
Figure 7.22 illustrates the (001) and [lOO] fabrics from four 
quartz-mica schists. The (001) fabrics range from axially symmetric 
maxima to partial girdles about the mineral lineation present in the 
rock. Conversely, the [lOOj fabrics are all similar, and consist of 
complete girdles about the (001) maximum with minor maxima and minima 
in various positions around them. There are 200 readings in each 
diagram. Before these diagrams can be interpreted, the predicted 
pattern for uniform distribution of [_100] in (001) must be determined 
for the various (001) fabric patterns. It is evident that for a simnle 
point maximum of (001) and uniform distribution of [l00] , the pattern 
of the latter will be a uniformly occupied girdle about the (001) 
maximum. As the (001) point maximum spreads into a partial girdle this 
simple distribution will change. Computer programs have been written 
(Appendix III) which will produce both the uniform and random 
distribution patterns of [lOOj for any distribution of (001) axes. In 
the first case, for each (OOl) axis, 18_ [lOO] axes are plotted uniformly 
along the .plane at .right angles to it. All of the QlOOJ axes are then
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plotted and contoured together. Random distribution plots are built
It becomes obvious that the uniform and random plots need not 
be the same, at least for 200 measured (001) axes. Examples of some 
random plots from the (001) data of specimen 7712A, for different 
random selections, are given in fig. 7.23. They may be compared 
with the uniform distribution plot (fig. 7.24), and the measured [10 Oj 
pattern (fig. 7.22) from the same specimen. The variation among them 
is quite marked. It is only when large numbers of measurements are 
plotted that the similarity is evident. For example, in fig. 7.24 
are compared the computed uniform plot (3600 points), the sum total of 
18 computed random plots (3600 points) , and a measured plot of 800 
[oio] measurements. It is suggested that this similarity indicates 
that the [OlOj fabrics from the Mt. Isa schists are random, and that 
more than 200 axes must be measured to establish pattern significance 
in these rocks, preferably about 500 axes.
7.5.2 Discussion
Data from chapter 3 of this thesis suggests that there are six 
equally favoured slip directions in (001) of mica. It is thus 
difficult to envisage an intracrystalline deformation mechanism 
which will give rise to a preferred orientation of [_010j or 
from an initially uniformly oriented aggregate. Similarly, reorientation 
of initially uniformly oriented mica crystals by bodily grain rotation 
cannot produce such a preferred orientation. It is thus suggested
randomly positioned along this plane.
143
that a significant degree of preferred orientation of a crystal 
direction other than (001) in mica is a good criterion for a 
crystallisation or recrystallisation orienting mechanism. However, 
as outlined above, some difficulty is encountered in establishing the 
significance of a non-basal plane fabric, especially for all but the 
simplest (001) patterns.
Without the initial data points from the examples in the 
literature, the computer programs of Appendix III cannot be used. 
However, the various (001) patterns in these papers are similar to one 
of those measured and illustrated in fig. 7.22, and comparison of their 
{010} fabrics with the computed examples in fig. 7.23 is a good 
approximation. The (001) and [lOO] fabrics from the literature are 
shown in fig. 7.25. From the conclusions of section 7.5.1, it is 
apparent that the fabrics of Turner (1940) and Fairbairn (1942) are 
probably uniform, and that those of Kvale (1945) and Dubois (1967) 
denote actual preferred orientations of [lOO] independent of that of 
(001) .
The computer method of Appendix III is applicable (with slight 
alterations) to any similar case, where the preferred orientation 
patterns of two axes are known, and it is required to test if they 
are independent or not. It is especially useful for cases such as 
complex quartz .(0001.) fabrics, where x-ray measured a-axis patterns 
are also available. It can easily be shown whether or not the 
latter patterns denote a preferred orientation of a. independent of 
that of (0001). The handling of large numbers of plotted points with 
ease further extends the programmes' usefulness.
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7.6 Conclusions
The following conclusions are derived from the results presented 
in this chapter, and the results of the relevant experimental work of 
this project.
(i) Kinks in mica tend to form at a high angle to the direction 
of shortening, but not necessarily at right angles to it, 
as suggested by Turner (1964). If there is a preferred 
orientation of mica (001) oblique to the direction of 
shortening prior to kinking, the poles to kink planes
tend to lie between the initial maximum orientation 
direction and the direction of shortening. The direction 
of shortening can be predicted according to the method 
described in chapter 3.
(ii) Recrystallisation of deformed mica grains is generally 
such that new grains grow with (001) at a large (approx. 
70°) angle to that of the old grain. Nucleation of the 
new grains also occurs preferentially along kink 
boundaries, and they tend to grow parallel to these 
boundaries in some cases. Migration of kink boundaries 
is also common.
(iii) Microstructural evidence from a suite of slates and a suite 
of schists indicates that heterogeneous growth, presumably 
during deformation, has taken place. The main evidence 
for this comes from mica grainshape measurements as 
related to orientation and position in the microstructure.
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Another suite of slates is held to display evidence of a 
dominant grain rotation mechanism.
(iv) It is suggested that significant preferred orientation
of other axes in mica than {001} (here {100}) is evidence 
of a growth or recrystallisation mechanism for mica 
orientation. A computation is presented for determining 
the significance of {100} patterns, given their {001} 
patterns.
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CHAPTER 8
SUMMARY AND GENERAL CONCLUSIONS
8.1 General Statement
The intention of this chapter is to provide a general discussion 
of the data presented throughout the thesis, in terms of the various 
mica-orienting and cleavage genesis mechanisms outlined in chapter 1. 
For this purpose, these mechanisms are placed in the following groups
(i) Shear-plane theories. This group includes those which 
are based on the concept of foliation planes being planes 
of high shear stress and/or strain (Becker, 1904, 1907; 
Gonzalez-Bonarino, 1960; Hoeppener, 1956).
(ii) Grain-rotation theories. These theories are those 
which attribute layer silicate preferred orientation to 
the bodily rotation of grains (Sorby, 1853; Maxwell,
1962; Oertel, 1970). They generally assume that the 
resultant foliation is parallel to the  ^plane of 
the strain ellipsoid.
(iii) Crystallisation theories. The growth or change in shane 
due to chemical processes of mica grains under the 
influence of stress and/or strain are inherent in this 
group of mechanisms (Sedgwick, 1835; Harker, 1950; Knopf 
and Ingerson, 1938; Kamb, 1959, 1961). A preferred 
orientation of (001) of mica normal to or i-s 
usually implied, although, in mimetic crystallisation
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as defined by Knopf and Ingerson (1938) , the mica orientation 
is wholly dependent upon the orientation of pre-existing nlanar 
features in the rock, whatever their origin or orientation.
The relatively simple preferred orientation patterns of mica in 
foliated rocks, with (001) parallel to and at least partly defining 
the foliation is somewhat misleading. Many of the above theories 
have been correspondingly simple and categorical, and it is considered 
that this is the wrong approach to the problem. An important fact to 
consider is that most of the mica-orienting mechanisms in theory and 
in experiment produce indistinguishable results - (001) at a high 
angle to or Thus, it is quite feasible that more than one
mechanism has been operative during the deformation history of any one 
foliated rock. For example, statements akin to that of Gonzalez-Bonarino 
(1960, p. 304):
The field and petrographic characters of schistosity 
in ail kinds of terrains are so uniform, and their differences 
so gradational that it seems unwarranted to assume that it 
has different modes of formation.
are considered to be unwarranted, especially considering the rarity of 
satisfactory descriptions of the microstructure. Rather more satisfactory, 
even though perhaps less definitive and categorical, are conclusions such 
as that reached by Helm and Siddans (1971) as to the development of 
slaty cleavage in the Lakes District of England:
A more realistic model of slaty cleavage development 
must allow for solution, diffusion, nucleation and growth 
of minerals in a primary anisotropic fabric, subject to 
successive noncoaxial strain increments, together with 
rotation of existing grains and the effects of mimetic 
recrystallisation.
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With this in mind, this chapter will discuss each of the three 
models listed above in turn, together with their various ramifications, 
in the light of the experimental and new microstructural evidence now 
available.
8.2 Discussion of Theories in Terms of the New Results 
8.2.1 Shear-plane Theories
Theories under this heading, although somewhat out of favour at the 
present time, were among the first postulated (Laugel, 1855) and the 
most heatedly debated (Becker, 1907; Leith, 1905). They basically 
seek to explain the origin of the planes defined by the foliation, 
and considerations of mineral orienting mechanisms are secondary.
Even so, there are those who believe that platy mineral orientation 
takes place mechanically during the shearing process (Fisher, 1885), 
and those who favour mimetic crystallisation parallel to the pre-existing 
planes (Becker, 1907) . It is considered that the relationship of 
foliation to a particular plane of the strain ellipsoid, especially to 
an overall or regional strain configuration, is unwarranted. Recent 
mathematical models of folding (Dieterich, 1969; Hobbs, in press, a) 
indicate that the orientation and shape of the strain ellipsoid vary 
markedly from one material point to another throughout a fold during 
the deformation, and that regional strains are thus meaningless on the 
scale of the grainsize in a rock. However, it is apparent that the 
weight of evidence suggests that foliation is more closely related to 
the g 2 plane than the planes of no deformation in the strain
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ellipsoid derived from strain markers such as fossils and pebbles in 
rocks (Cloos, 1947; Gay, 1968; Dunnet, 1969; Dieterich, 1969; Hobbs, 
in press, a). With this in mind, discussion here is centred around 
the possible mica-orienting mechanisms in such shear structures.
Mechanical grain reorientation in shear zones is reproduced in 
the experiments of chapter 5, and also in those of Morgernstern and 
Tchalenko (1967) and Weymouth and Williamson (1953) . The preferred 
orientation of platy minerals is at an angle of up to 25° to the 
shearing direction in each case, with a mean angle of around 10° to 15°. 
Very rarely are particles aligned parallel to the shear plane. In 
contrast, the microstructural evidence in the greater number of foliated 
rocks (Maxwell, 1962; Attewell and Taylor, 1970; Oertel, 1970; Collins, 
1971) indicates that the platy mineral preferred orientation is 
parallel to the foliation. Calculation of the strains across the 
experimental shear zones in chapter 5 give quite high values, certainly 
comparable to shear zones in natural rocks (Ramsay and Graham, 1970), 
and the platy minerals are still oriented at 10° to 20° to the shear 
direction. It is considered that this evidence is sufficient to reject 
the theory of mechanical reorientation during shearing as being 
generally applicable. However, a few foliated rocks have been 
described which are characterised by a preferred orientation of micas 
at an angle to the foliation (Williams, 1968; Talbot, 1964, Collins 
and Etheridge, in press). All of these have an earlier preferred 
orientation of mica parallel to bedding, and it is considered that 
this inherited fabric greatly affects the strain distribution on the
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microscale, and the resultant orienting mechanism. These rocks are 
not thought to be important in considering the overall picture of 
foliated rocks, but they add weight to the assertion made in section 
8.1 that no unique model of foliation genesis exists.
The post-tectonic growth of platy minerals parallel to a 
pre-existing shear plane structure is considered in section 8.2.3.3 in 
the category of mimetic crystallisation.
8.2.2 Grain Rotation Theories
Mechanical reorientation of platy minerals was first suggested by 
Sharpe (1846) , and experimentally tested by Sorby (1956). It has 
persisted in the literature since that time, and is the most popular 
model at the present time. However, it is considered that the evidence 
presented to support this process during the last decade is tenuous, 
and it is intended to show here that it is unlikely to be the dominant 
contributor to layer silicate preferred orientation. First, however, 
the allied process of aggregate cold-working will be briefly discussed.
The cold-working experiments of chapters 3 and 4 indicate that 
preferred orientations of (001) at a high angle to can be achieved 
by the process of intracrystalline deformation and lattice rotation, 
but only with a large amount of visible kinking of (001). The paucity 
of deformed grains in foliated rocks of all metamorphic grades 
suggests that this is not an important reorienting mechanism in nature.
Field evidence for mechanical bodily grain rotation is somewhat 
indirect, and is further clouded by the almost total absence of objective
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description of the microstructure. The presence of high pore fluid 
pressures in the rock at the time of deformation is generally presented 
as greatly assisting grain rotation (Maxwell, 1962; Powell, 1969:
Braddock, 1970) . Evidence of this high pore pressure is almost always 
in the form of clastic dykes parallel to the foliation (Maxwell;
Powell; Braddock, op. cit.; Carson, 1970), it being suggested that 
the sediments were water-saturated at the time of deformation, and 
that intrusion of the dykes took place during formation of the cleavage 
in these soft sediments. Collins (1971) has discussed the significance 
of these ’dykes' at some length, and concludes that they are not 
necessarily contemporaneous with the deformation, and that small scale 
versions of them (Powell, 1969) can be formed by plastic deformation 
of solid rock (Ramsay, 1967, pp. 382-386). In addition, if they 
existed prior to deformation, they would rotate towards parallelism 
with the foliation during deformation. If, in fact, they originally 
formed at a high angle to the bedding as sedimentary structures, as 
seems to be generally the case (Kuenen, 1958; Steinitz, 1970), the 
angular discordance between them and the foliation after a moderate 
amount of strain would be very small. Evidence in Maxwell (1962), Powell 
(1969) and Braddock (1970) suggests that such small discordances do in 
fact exist. The only other reason of note for proposing bodily grain 
rotation is that of the very low metamorphic grade of the rocks 
(Maxwell, 1962; Carson, 1968), and even this is not the case in some 
examples (Braddock, 1970). The validity of this argument is questioned 
in the light of evidence presented by Carrigy and Mellon (1964) and
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Maxwell and Hower (1967). These workers show that extensive layer 
silicate growth takes place during diagenesis in rocks of very low 
metamorphic grade. The fact that detailed three-dimensional descriptions 
of the microstructure are absent from the papers proposing the rotation 
model places further doubt on their conclusions.
The extreme case of the high pore pressure argument is presented 
by Braddock (1970) and Powell (1969). Both of these authors studied 
foliated rocks with a microscopic mica-rich:quartz-rich layering 
parallel to the foliation. On the basis of the presence of some clastic 
dykes parallel to, or at a low angle to the foliation, and similar 
microstructural features, they reasoned that the mica-rich layers 
were injected parallel to the foliation during deformation of a 
water-laden sediment. Reorientation of the mica grains supposedly took 
place during this injection, and is preserved by mimetic growth. Once 
again, the evidence is tenuous, and seems to have been interpreted with 
only one conclusion in mind and without all the available data.
This is not to say that high pore pressures are not present in 
sediments and do not affect deformation, but their role in mineral 
reorientation is seriously questioned. It is suggested that the evidence 
presented by the abovementioned workers is limited, and certainly without 
experimental basis. In fact, the weight of microstructural evidence 
from slates (which is noticeably absent from their papers) is against 
a grain rotation mechanism in most cases. The work of Collins (1971) 
is considered to be most important in this regard. He describes in 
detail the variation in grainsize, shape and orientation of all the
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mineral constituents with position in the structure on all scales, 
and concludes that some form of anisotropic grain growth mechanism is 
necessary to account for his data. A brief study of slates from some 
other major slate belts of the world by Collins also suggests that 
this may be a general rather than a particular case.
Very little experimental evidence under geologically realistic 
conditions is available to test the validity of the grain rotation 
mechanism. The work on deformation and dewatering of clay aggregates 
at room temperature (Buessem and Nagy, 1954; Weymouth and Williamson, 
1953; Clark, 1970) only allows for grain deformation and rotation, and 
is thus hardly conclusive. The experiments on synthetic platy mineral 
aggregates by Means and Paterson (1966) are certainly more relevant, 
and they suggested that a grain rotation mechanism was dominant.
However, discussion of the validity of their results in chaDter 6 of 
this thesis indicates that this conclusion does not necessarily follow. 
Indeed, the results presented in chapter 6 are overwhelmingly in favour 
of a preferred grain-growth mechanism, even though the pore pressures 
are seemingly quite high (section 6.3). Grain rotation plays only a 
small role in these experiments.
It could be argued that the conditions existing in these experiments 
are not relevant to those in a deforming sequence of pelitic rocks. 
However, the temperatures (down to 400°C) and pressures (3 kbars) with 
fairly high pore fluid pressures are certainly quite feasible, 
especially since the time factor could certainly account for a lower 
temperature under geological conditions. Growth from finely ground
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oxide components may be somewhat unrealistic, but the geological time 
factor and the circulation of fluids in deforming rocks would certainly 
counteract this. In fact, it has been shown that growth of various 
illite, mica and chlorite polymorphs and interlayered structures does 
occur in shales with increasing temperature and pressure (Maxwell and 
Hower, 1967). It is thus considered that the preferred growth behaviour 
illustrated in the experiments of chapter 6 is most likely to be 
operative under geological conditions in a deforming rock.
This does not intimate that some foliated rocks may not have achieved 
their platy mineral preferred orientations by bodily grain rotation. 
Indeed, the microstructural evidence presented by Hoeppener (1956) ,
Talbot (1964), Williams (1968) , and Collins and Etheridge (in press) 
suggests that grain rotation was almost certainly the dominant mechanism 
involved. Similarly, Williams, et al. (1969) have shown that a platy 
mineral preferred orientation can develop parallel to the axial plane 
of slump folds in an otherwise undeformed rock, presumably by rotation. 
This last example also provides some guide as to the type of deformation 
that may be expected under the extreme pore pressure conditions 
envisaged by Maxwell (1962). These and similar slump structures have 
been attributed to the disturbance of a water-saturated sediment 
(Kuenen, 1958, Dzulynski and Walton, 1963), and are unrelated to any 
regional deformational event. Such structures are almost invariably 
restricted to particular levels in the sequence and tend to be chaotic 
rather than regular and symmetric, as are most tectonic structures, 
including those described by Maxwell (1962) . A good example of this
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is given by Helwig (1970) , who describes a group of folds displaying 
’variable style, varying wavelengths and curvilinear hinges’. These 
folds predate the slaty cleavage in a deformed sequence of low metamorphic 
grade slates. It is thus suggested that if pore pressures in the slates 
at Delaware Water Gap were as proposed by Maxwell at the time of 
deformation, then such incoherent structures should be much more 
common than is described.
8.2.3 Crystallisation Theories
Grain reorientation mechanisms under this general heading date 
back to Sedgwick (1835). With the introduction of ’Riecke's principle’ 
(Becke, 1913), and the concept of ’stress minerals’ (Harker, 1950), 
rather vague theories of preferred growth of inequidimensional minerals 
due to imposed stress conditions have persisted until fairly recently 
(Rutten, 1955). With a more rigorous basis in the thermodynamic theories 
of MacDonald (1960), Kamb (1959) and other workers, this concept has 
gathered momentum over the last decade, especially in Europe (Hartmann 
and Den Tex, 1964; Dubois, 1967; Goguel, 1968). In addition, generalised 
application of the models of metal recrystallisation to mineral 
preferred orientation dates back some years (Fairbairn, 1942), and recent, 
more rigorous application of these models and theories has been most 
successful for a number of minerals (Hobbs, 1968; in press, b; Green, 
et al. , 1970; Heard and Carter, 1970: Siemes, 1970; Saynisch, 1970).
This line of approach is rapidly gaining favour. Finally, post-tectonic 
mimetic crystallisation of platy minerals on small, oriented nuclei, or
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parallel to planar features in the deformed rock has been variously 
postulated by a number of writers since the turn of the century (Becker, 
1907). Some very recent papers (Oertel, 1970; Braddock, 1970) have 
placed some importance on this process.
These theories will be considered in turn under the following 
headings:
(i) Thermodynamic theories
(ii) Metallurgical recrystallisation
(iii) Mimetic crystallisation
(iv) General anisotropic growth theories.
8.2.3.1 Thermodynamic Models
The application of theories based on the tendency for elastically 
anisotropic minerals to become oriented under the influence of a 
deviatoric stress has been discussed in sections 6.4 and 7.4.2. The 
main argument levelled against them is based on the very small driving 
forces (derived from chemical potential differences) which this 
anisotropy contributes to the microstructural system (of the order of 
1 calorie/mole). The few relevant calculations of stored strain energy 
suggest that reduction of this energy by recrystallisation of deformed 
minerals would give rise to driving forces about an order of magnitude 
greater than this. The results of chapter 4 indicate that the chemical 
potential involved in changing the composition of mica upon annealing 
contributes significantly to recrystallisation, adding to this stored 
energy driving force. In addition, the experiments of chapter 6,
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where conditions are somewhat similar to the model of Kamb (1959) , 
provide evidence of preferred crystal growth rates many orders of 
magnitude greater than those possible from the thermodynamic model.
The conclusion one must draw is that processes other than those treated 
by Kamb and others produce recrystallisation and/or growth of reoriented 
mica at a much faster rate than their models, and are thus likely to 
be dominant in rocks.
8.2.3.2 Metallurgical Recrystallisation
Experimental and natural examples of annealing recrystallisation 
in deformed layer silicates are somewhat conflicting (cf. chapters 4 and 
7). However, they both indicate that some of the more important 
metallurgical recrystallisation models (e.g. subgrain coalescence) are 
not applicable. In fact, formation of recrystallisation nuclei in mica 
single crystals is difficult to explain with reference to any 
metallurgical model. It turns out that changes in chemical composition 
take place upon recrystallisation of mica in natural and experimental 
samples, and it is the chemical potential causing these changes that 
is thought to provide the extra impetus for nucleation and 
recrystallisation. The failure of the standard mechanisms to provide 
a satisfactory model is attributed to the dislocation structure 
(section 4.2.3).
Due to the limited experimental programme of section 4.2, it 
is suggested that the natural examples described and discussed in 
section 7.3 may be more relevant to geological considerations. They
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indicate that the nucleation and growth orientation of new grains is 
closely related to kink boundaries in strongly deformed crystals.
When the host is not obviously deformed, the new grains tend to grow 
with (001) at a high angle (about 70°) to (001) of the host. Thus, 
if we deform a randomly oriented aggregate of layer silicate grains 
to produce most kink boundaries at a high angle to z^ (chapter 3 and 
section 7.2), then recrystallisation will produce a preferred orientation 
of (001) at a similar high angle to e^jas is shown experimentally in 
section 4.3. This is therefore a feasible mechanism for producing the 
mica orientation patterns manifested in foliated rocks. Whether it 
can give rise to the grain shape distributions of Collins (1971) and 
section 7.4 is not known, although fig. 7.16 provides some evidence 
of orientation control over grain shape upon recrystallisation.
However, two points can be raised against the general 
applicability of this model. First, in both natural examples studied, 
extensive recrystallisation has not completely removed the old deformed 
material, and neither partially recrystallised nor deformed grains are 
seen in most foliated rocks. Secondly, the grain growth from chemical 
components experiments of chapter 6 produce well-oriented, coarse mica 
grains at much lower temperatures in corresponding times than the 
annealing recrystallisation runs of chapter 4. It is difficult to see 
this trend being completely reversed in nature.
8.2.3.3 Mimetic Crystallisation
Mimetic crystallisation is here defined as post-tectonic growth 
of platy minerals controlled by some structure or heterogeneity in
159
the deformed rock. It can conveniently be divided into two types:
(a) growth of minerals from their components parallel to planar or 
linear discontinuities in the rock, and, (b) overgrowth of minerals or 
mechanically reoriented nuclei or seeds of the same material.
It is quite difficult to envisage field evidence that would 
distinguish between these and some mechanism which produces a preferred 
orientation of mica minerals by anisotropic growth, especially on the 
basis of granshape, orientation or distribution. However, both 
mechanisms preclude even moderate growth of stable layer silicates 
during the deformation, and there is no reason why this should not take 
place, especially in the light of the results of chapter 6. Also, there 
is good evidence of dissolution of minerals (Plessman, 1964; Williams, 
1968), growth of minerals (Collins, 1971) and even solid state adjustment 
of mineral grain boundaries (Hobbs, 1966) during deformation. Further, 
the existence and stability of layer silicate minerals throughout and 
after deformation has been shown by Talbot (1964) , Williams (1968) and 
Collins and Etheridge (in press). It is thus considered that there is 
no evidence for the restriction of growth of platy minerals until after 
the deformation, while there is good evidence, experimental and 
microstructural, for their growth and presence during deformation.
8.2.3.4 Other Anisotropic Growth Models
This final category of grain growth and recrystallisation mechanisms 
includes the rather vague references to pressure-, compression- or 
stress-controlled growth without a discrete model (Sedgwick, 1835; Swanson,
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1941; Harker, 1950; Rutten, 1955). It also encompasses the new 
mechanism put forward in section 6.4 to explain the results of the 
synthetic phlogopite experiments.
Little can be said about the general stress-controlled growth 
mechanisms in the first category. Harker (1950, p. 155) merely states 
that platy minerals 'set themselves, as they grow, in planes perpendicular 
to the maximum pressure'. It is considered that this generalisation in 
fact covers the model presented in chapter 6, with the condition that 
the concept of pressure or stress-control is replaced by that of strain 
control. This condition is most reasonable due to the lack of knowledge 
of the stress histories of deformed rocks compared to their strain 
distributions.
The model set up to explain the preferred orientation of the 
larger phlogopite grains in chapter 6 relies upon the crystal growth 
anisotropy of mica, the heterogeneous distribution and supply of the 
component-bearing fluids, and the nature of the spatial constraints 
upon growing crystals in the deforming matrix. It is now proposed to 
show that such a model can be reallistically applied to the situation 
in rocks. Firstly, the crystal habit of mica is well-established and 
indicates that growth parallel to (001) is faster than growth in any 
other crystal direction. It is thus reasonable to suppose that if the 
components for mica growth are introduced into an aggregate of mica 
seeds, with the constraint that they only add themselves onto the seeds 
from directions in one particular plane in the aggregate, then mica 
seeds with (001) in that plane would grow fastest, and a preferred
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orientation of (001) of mica would be developed parallel to the plane. 
It is also highly likely that at the time of deformation of a plastic 
sediment it contains some water, or at least that the change of clay 
minerals to illites, mica and chlorite during deformation (no matter 
how low grade the metamorphism) will provide some water. It is 
suggested that this fluid phase in the rock will become constrained 
to flow more and more in directions in one plane as deformation takes 
place. This constraint is due to plastic flow of the mass and early 
realignment of some of the mineral phases parallel to this plane, which 
will generally be close to the  ^plane of the strain ellipsoid, and 
probably approximately parallel to the axial plane of the folds.* As 
deformation proceeds, the fluid will circulate and tend to move out of 
the rock along these planes. It is suggested that it is along the same 
planes that constrained growth of new platy minerals takes place. This 
model is self-regenerative, in that, as oriented micas start to grow 
along these particular planes, they become better defined, and thus 
more efficient fluid channels. With this enhanced fluid flow, more 
components for mica growth are made available in these planes, and the 
anisotropy of supply of these components becomes more marked. The end
*
It is noted that the distribution of strain in folded rocks is likely 
to be complex (Hobbs, in press, a), and that considerations of 
regional, or even mesoscopic strain parameters are thus likely to be 
invalid. On this basis, equation of foliation to a principal plane 
of the strain ellipsoid in every part of a fold may be dangerous, but 
it is considered that variations in foliation orientation throughout a 
sequence of folded layers is related to the variations in strain ellipsoid 
orientation in some way, especially at higher strains.
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result of this model is characterised by the following microstructural 
properties:-
(i) There is a preferred orientation of undeformed, stable 
platy mineral grains.
(ii) The minerals grow during the deformation (especially in 
the later stages) and reflect the metamorphic conditions.
(iii) The most highly oriented platy minerals will be restricted 
to planar or lenticular anastamosing zones parallel to the 
rock foliation.
(iv) Platy mineral grains in these zones with (001) oblique
to them will tend to grow parallel to the zone as well as (001). 
They will thus have a more equant shape than the elongate 
grains with (001) parallel to the zone.
(v) Properties (iii) and (iv) above will become more emphasised 
as deformation proceeds, and probably with increasing 
metamorphic grade and grainsize.
(vi) Undeformed, minerallogically stable markers in the rock need 
not be parallel to this foliation, especially if the strains 
are moderate.
(vii) Relict detrital layer silicate grains in the rock will 
probably be kinked, if they are minerallogically stable, but 
the platy grains defining the foliation will be mostly 
undeformed.
All of these properties are in agreement with the data from the 
few more detailed microstructural descriptions available (Attewell and Taylor,
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1969; Williams, 1968; Collins, 1971; section 7.4 of this thesis).
It also explains many of the features manifested in photomicrographs 
but undescribed by some workers (Maxwell, 1962; Powell, 1969; Carson,
1968).
On this basis, together with that of the experimental evidence of 
chapter 6, and that of the evidence presented in this chapter against 
other mechanisms, it is considered that this model of preferred growth 
is an important contributor to mineral preferred orientation in many 
foliated rocks. Harking back to the statement of Helm and Siddens (1971) 
(section 8.1), it is emphasised that this model is not intended to explain 
all of the platy mineral orientations in foliated rocks, or even all of 
the characteristics in any one rock. Limited grain rotation obviously 
must take place, especially if the water content of the rock at the time 
of deformation is moderate to high. Annealing recrystallisation of deformed 
layer silicates does occur in rocks (section 7.3) and may contribute to 
foliation, especially in higher grade schists. Also, mimetic 
crystallisation is a possible contributor, although it is considered 
that there is no reason why most of the mineral growth does not take 
place during deformation.
8.3 Conclusions
The experimental and microstructural evidence presented in this 
thesis is considered to lead to the following conclusions when taken 
in the light of the previously available work:
(i) Layer silicates deform primarily by kinking, which is
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propagated by slip parallel to the six directions 
(001) {100} and (001) {130}. Dislocation-controlled 
processes are dominant in the deformation of constrained 
mica single crystals.
(ii) Kinks in mica tend to form with the boundaries at a high
angle to However, prediction of the direction of
from a deformed micaceous rock must take into account 
initial mica preferred orientations.
(iii) Annealing recrystallisation of layer silicate single 
crystals is difficult to achieve experimentally at reasonable 
temperatures. Bulge nucleation mechanisms are observed,
but subgrain growth and coalescence are not thought to take 
place. Chemically induced nucleation is considered to be 
important in the recrystallisation process. Recrystallisation 
of a deformed aggregate tends to produce a preferred 
orientation of (001) at a high angle to by either bulge 
or chemically induced nucleation.
(iv) Heterogeneous deformation of layer silicate aggregates takes 
place by shearing at confining pressures below 6 kbars. 
Reorientation of the platy minerals in the shears produces
a preferred orientation of (001) at a low, but definite 
(5° to 25°) angle to the shearing direction.
(v) Growth of synthetic phlogopite from its chemical components 
during deformation produces a good preferred orientation of 
large, undeformed grains at a high angle to e^. It is
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concluded that a preferred growth mechanism inherent 
upon the anisotropic growth of mica, the anisotropic 
distribution and supply of components for mica growth, 
and the physical constraints of the deforming medium 
are responsible for most of the preferred orientation.
(vi) It is considered that a mechanism based on that of (v) 
above is important in producing platy mineral preferred 
orientations in many foliated rocks. The fact that the 
orientation and shape of the strain ellipsoid at a 
material point changes so markedly during the folding 
process makes it difficult to relate the orientation of 
the foliation to a principal plane of a strain ellipsoid. 
However, the relation of mineral preferred orientation 
to an anisotropy in the deforming rock which is somewhat 
independent of the variation in strain at particular 
material points removes the necessity for this relation. 
Further, it is emphasised that after a reasonable amount 
of strain (Hobbs, in press, a) it is likely that the 
orientation of the material strain ellipsoid throughout 
the rock will become fairly uniform, will change little, 
and will probably be close to the orientation of the 
foliation.
Finally, it is stressed that no single mechanism of 
is wholly responsible for the platy mineral orientation in all 
foliated rocks, or even in a single specimen.
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APPENDIX I
DERIVATION OF X-RAY POLE FIGURE CORRECTION
PART 1 : D e r i v a t i o n  of  e q u a t i o n  ( i i i )  on p . 25.
E q u a t io n  ( i i )  ( p . 25) s t a t e s  t h a t
I q2 2  = [ th e  i n t e g r a t e d  i n t e n s i t y  of  (003) a round  A^]
i . e .  ,
022
0 . 8  j =n ,
—  o I 003 S ln  5 d n
0 . 8 ,*+s -X la  dX
I nno s i n  £ 9A
U~C|  003 o )
where p , Z and A a r e  as shown i n  f i g u r e  1 . 1 .
From t h e  c o o r d i n a t e  t r a n s f o r m a t i o n s  from ( £ ,p )  t o  (A>.y), f o r  a 
s p h e r e  of  u n i t  r a d i u s ,  we h a v e :
s i n Z cos n = cos s i n A cos y -  s i n
cnoo-©- A (2)
s i n Z s i n n = s i n A s i n y (3)
cos 5 = s i n <$> s i n A cos y + cos (j) cos A (4)
From (2) and ( 3 ) :
t a n  n ___________s i n  A s i n  y_____________cos <j> s i n  A cos y -  s i n  cf> cos A (5)
From ( 4 ) :
cos y cos g -  cos (J) cos  A s i n  (j) s i n  A
s i n  4> s i n  A
( 6 )
and ,  s i n  y (7)
FIGURE II.1
II.1 Equal area projection showing the meaning of the 
symbols used in the calculations of Appendix II.

3 tan n
Also: 3 t an n 3 n i 3 ncTp 3 A 2 3 Acos h
^  2 n  ^ tan 1i.e. , ax = cos n
Using (5), (6) and (7) in (8), we obtain:
(8)
3n _ __________________sin 1______________________
[.sin <f>-cos C-cos A + 2 cos <J> cos 5 cos A_| 2
Substituting (9) into (1), we then obtain equation (iii) on p . 25.
(9)
PART 2: Listing of computer programme to solve the 91 simultaneous
equations of p. 26, and produce the corrected and P.0.1, values
(see overleaf).
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ABSTRACT
The microstructures and mica preferred orientations of 
■two distinct types of axial plane foliation in low-grade 
pelitic rocks are described and contrasted using optical,
X-ray diffraction and scanning electron microscope techniques. 
The slates of the Hill End Trough (fig. l) are characterised 
by a lineation (grain) down the dip of the foliation. This 
is the reflection of a linear microstructure defined by 
anastomosing mica-rich domains enveloping ellipsoidal quartz- 
mica aggregates. The pelites from the South Coast Belt (fig. 
1) lack a mesoscopic lineation and their microstructure is 
dominantly planar.
t
In the light of current theories on the formation of 
slaty cleavage, possible mechanisms for the two types are 
discussed. The mica preferred orientation in the South Coast 
Belt rocks is attributed to bodily rotation from an initial 
bedding preferred orientation. The heterogeneity of the Hill 
End Trough microstructure dismisses the possibility of simple 
rotation or recrystallisation mechanisms. In the absence of 
conclusive evidence, discussion is restricted to the possible 
kinematic significance of the observed relationships. It is 
concluded that detailed three-dimensional examination of so- 
called "slaty cleavage" is essential before mechanisms of 
formation can be proposed.
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INTRODUCTION
Slaty cleavage is often simply described in the litera­
ture as a foliation defined by the preferred orientation of 
the basal planes of layer silicate minerals (e.g. Maxwell, 
1962). The more detailed descriptions (e.g. Sorby, 1853 and 
1856; Leith, 1905; Hoeppener, 1956; Talbot, 19 64-) indicate a 
fairly wide variation in the properties and postulated origins 
of the structure known variously as slaty cleavage, flow 
cleavage or axial plane cleavage. There is even a gradation 
to some morphologies that resemble strain-slip cleavage 
(Talbot, 1964). However, detailed three-dimensional studies 
of the microstructure of fine-grained foliated rocks are 
virtually non-existent. It is suggested that descriptions 
of such properties as the spatial relationship between the 
constituent phases (particularly quartz and layer silicates), 
and their preferred orientation with respect to grain size, 
grain shape, position in the microstructure and compositional 
variation of the rock would be of value in determining the 
origin of rock cleavage.
In this study, two markedly different morphologies of 
the axial plane foliation of first generation folds have been 
recognised. The main aims of the paper are:
(i) To describe in detail the three dimensional microstructure 
and mica preferred orientations of the two contrasting 
axial plane foliations.
2(ii) So discuss, in the light of current theories, possible 
mechanisms of formation of the foliations, especially 
with regard to mica orientation, and to discuss the 
kinematic and dynamic implications of the observations.
Observation and informative photographic reproduction of 
microstructures in fine-grained rocks are fraught with 
problems, especially when the grain-size is considerably less 
than the normal petrographic section thickness. In an attempt 
to overcome this problem we have used ultra-thin optical 
sections and a scanning electron microscope (S.E.M.) in this 
study. The former are generally 10 to 15 microns thick, 
ensuring that there is only one layer of grains in the section. 
The S.E.M. was found useful for high power photographic 
reproduction, and especially for direct three-dimensional 
observation of the mineral distribution and orientation on 
fracture surfaces with some relief.
The axial plane foliations described are from two low- 
grade metamorphic fold belts in south-eastern Australia (figure 
1). The Hill End Trough consists of a thick sequence of 
slates, greywackes and volcanics (Packham, I9 60 and 19 69) which 
is deformed into large folds with an axial plane foliation 
(Hobbs, 1969). This foliation bears a mineral streaking 
lineation oriented approximately down the dip (see figure 1 
for the generalised structural geometry). The South Coast 
Belt consists of a uniform series of thinly bedded quartz
rich greywackes, micaceous pelites and rare cherts. The 
stratigraphy and structure of the sequence as a whole and 
specific areas are described by Brown (1930), David (1950),
Hobbs (1962), Williams (1968) and Wilson (1969).
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MICROSTRUCTURE 
The Hill End Trough
The slates of the Hill End Trough consist of a quartz- 
muscovite-chlorite assemblage with minor hematite, albite 
and calcite. Quartz: layer silicate ratios range from
30:70 to 70:30 and the average grain size of mica is 5 x 10 x 20 
microns. Over the whole slate belt, the general nature of the 
microstructure of the axial plane foliation in terms of the 
distribution of quartz, layer silicates and hematite is 
uniform.
The microstructure was studied using three thin sections 
orthogonal with respect to the mesoscopic foliation and mineral 
streaking lineation. Its appearance is vastly different
- 4 -
depending on the orientation of the section. Sections parallel 
to^the foliation and those normal to the foliation and
parallel to the lineation (figure 33 and 30) both show very 
strong preferred orientations of the trace of the basal plane 
of the layer silicates. There is also a strong preferred 
dimensional orientation of the apparent long axes of quartz 
grains. However, the section normal to the mineral streaking 
lineation (figure 3A) shows a different microstructure, with 
the trace of (001) of mica and chlorite lying at all angles 
to the trace of' the mesoscopic foliation. This section also 
gives most information about the spatial distribution of 
quartz and layer silicates.
On the scale of about ten or twenty times the grain size 
of the slates the foliation is non-penetrative (in the sense 
used by Turner and Weiss, 1963) and consists of two types of 
domains. There are thin (10 to 20 microns) fairly continuous 
domains rich in mica (quartz: mica ratio from 10:90 to 0:100)
and often stained with hematite. The basal planes of the 
layer silicates are parallel to the trend of the domain. 
l.Iica-rich domains make up 20 to 30 percent of the whole 
microstructure. These domains anastomose around lens-shaped 
domains of quartz and mica, in which mica grains lie with 
the trace of (001) parallel to the grain boundaries of 
equidimensional, polygonal quartz grains in the plane of this 
section. In three dimensions (001) of mica is tautozonal about 
the mineral streaking lineation (figures 3A and 33). The 
quartz-rich domains range in size from 0.05 x 0.03 mm to 0.1 x 
0.05 mm and have a general quartz : mica ratio of 40:60. In
0three dimensions, they are strongly elongate parallel to the 
mineral streaking lineation and lens-shaped in cross-section. 
Aggregates of quartz and mica of this shape together with the ' . 
trace of (001) of mica lying at an angle to the foliation 
produce the mineral streaking lineation.
In the section normal to the lineation (figure 3A), there 
is considerable variation in the grain size and grain shape of 
mica and the variation can be related to its preferred orientation 
and position in the microstructure. The largest grains.of mica 
in both domains have the trace of (001) within about twenty or 
thirty degrees of the trace of the mesoscopic foliation. In 
the mica-rich domains, the mica tends to be coarser and much 
more even in grain size than in the quartz-mica domains. In 
the latter domains, the grain size is much more variable and 
grains with the trace of (001) at high angles to the mean 
trend of the foliation are noticeably finer. However, the ratio 
of length to width of these finer grains is considerably less 
than the coarser grains so that they are short and stubby, 
whereas the coarser grains are like equant platelets in this 
section.
There is very little obvious inequidimensional detrital 
material in these slates. There are rare coarser flakes of 
mica having a grain size in the section normal to the lineation 
up to 50 x 15 microns. They are oriented parallel to a mica 
domain and are generally surrounded by a thin mica domain, 
mere are areas richer in quartz than the majority of the 
rock (more than 601* quartz, see figure 2), which may represent
6recrystallised fine detrital grains. Mica-rich domains 
anastomose markedly around these domains (figure 3A).
The South Coast Belt
In the northern part of the South Coast Belt (the 
specific area studied), there is one group of mesoscopic folds 
in Bedding, with an axial plane foliation which is penetrative 
only in the pelites. A well developed bedding foliation is 
rhe dominant structure in the greywackes. The geometry is 
simple and is dominated by planar fabric elements (figure i). 
Especially notable is the absence of the lineation down the 
dip of the foliation (Mgrainn)> which is typical of the Hill 
End Brough foliated rocks.
The composition of the pelitic rocks is difficult to 
ascertain due to the presence of a tectonically imposed 
layering. However, the rare, apparently undifferentiated rocks 
are cuite mica-rich (60 to 90 percent mica), with fine quartz, 
albite and haematite the only other constituents.
Despite the presence of only one group of mesoscopic 
folds, three distinct varieties of axial plane foliation are 
present in the pelitic rocks.
(l) Differentiated Layering - This type is predominant, 
occurring on most fold limbs and in all but the most open fold 
hinges. In general it occurs where the angle between the 
bedding and the axial plane foliation is greater than about 
10°, although it is not found in open fold hinges where the 
angle is greater than about 75°. In weathered outcrops it is
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recognised as a fine ribbing (l to 2 ram across) parallel 
to the axial plane of the folds, but a freshly broken 
specimen merely shows a good parting similar to type (2) below.
In thin section, the axial plane foliation is defined 
by fine alternations (10 to 50 microns across) of mica-rich 
and quartz-rich layers. In sections normal to the bedding- 
foliation intersection and in those normal to the foliation 
but parallel to the bedding-foliation intersection, the 
layering anastomoses at a low angle (less than 10 degrees), 
thus its three dimensional shape is anastomosing, enclosing a 
system of highly flattened (diameter : thickness ratio greater 
than 10) discs or lenses (figure 4A).
The composition and grain size of the layers in different 
specimens is quite uniform, with the mica rich layers (referred 
to here as M-domains) being almost wholly mica, and the quartz- 
rich layers (Q-domains) containing approximately equal amounts 
of mica and quartz. Slight variations in overall composition 
of the rocks are reflected in the relative widths of the 
layers. The distinctive feature of this type of foliation is 
that the trace of (001) of mica in the M-domains is rarely 
parallel to the layering in sections normal to the bedding- 
foliation intersection, and almost invariably parallel to it 
in sections normal to this. The nature of this orientation, 
together with the presence or absence of a preferred orientation 
in the Q-domains, gives rise to three subdivisions of this 
type.
8(1) The most common variant, found on most fold limbs, has 
random mica in the Q-domains and uniformly oriented mica at 
an angle of 0 to 20 degrees to the layering in the M-domains
(figure 23).
(ii) In the hinges of more tightly appressed folds, random mica 
in the Q-domains is associated v;ith mica of two orientations in
a single 11-domain. These two orientations are again at a lowhigh
angle to layering, forming a angle kink. Across the hinge 
of a small mesoscopic fold, this type varies with the angle 
between bedding and axial plane foliation. The limb of the 
kink with the same sense of dip as the bedding is generally 
longer than the other limb. Also variations in the thickness 
of the layers, especially the H-domains, occun irregularly 
across the fold.
(iii) A rare deviation from type (i) has a weak to moderate 
preferred orientation of micas at a high angle to the layering 
in rhe Q-domains. It closely resembles a typical differentiated 
crenulation cleavage (Rickard, 1961; Kopwood, 1966).
These variants of the differentiated foliation have one 
factor in common. In sections' parallel to the fold axis the 
micas in the Ll-domains have the trace of (001) parallel to the 
layering.
(2) Homogeneous foliation - Both mesoscopically and 
microscopically this is a typical "slaty cleavage1 as described 
in the literature. It is characterised by a good parting in 
hand specimen defined by uniform, high preferred orientation of
- 9 -
(001) of mica, without any differentiated layering. However, 
it lacks the lineation ("grain") of most of the classical roofing 
slates (figure 43), and its microstructure is identical in two 
orthogonal thin sections at right angles to the foliation. It 
is found only on fold limbs where bedding and the axial plane 
foliation are close to parallel.
(3) Kinked Foliation - This variety only occurs in open fold 
hinges where the hinge area is wide compared with the wave­
length of the fold. Thus bedding is at a high angle (.70 to 80 
degrees) to the axial plane for some distance across the fold.
In hand specimen, it is characterised by a well developed 
crenulation parallel to the fold axis on the bedding surface, 
and a poor parting parallel to the axial plane. In the section 
normal mo the crenulation axis, the microstructure consists of 
symmetrical kinks in a foliation parallel to bedding. The 
kink plane is parallel to the axial plane of the mesoscopic 
fold. A section parallel to bedding shows micas at a low angle 
to mhe section with the traces of (001) parallel to the 
crenulation axes.
X-RAY METHODS M D  RESULTS 
Ilethods
The preferred orientations of mica were determined with
a Phillips PTJ1078/0i texture goniometer using Cu Kot radiation.
Por c crystallographic axes of muscovite the (002) reflections
o
with a d - spacing of approximately 10 A were used. The texture 
goniometer measures the volumes of grains with basal planes of
10
mica in different orientations throughout the microstructure.
.;s the largest grains have the strongest preferred orientation the 
contour values are not exactly equivalent to the conventional 
optical contours. The contour values on the diagrams (figure 2), 
which represent multiples of a uniform distribution, were 
determined using a method described by Barrett and Ivlassalski
( 19 O 6 y . — —
~s - s, b
contour value = — ---------
i — I r r, o
where I. = intensity of the reflection from the specimen
I = intensity of the background reflection from the specimen
°b
- intensity of the reflection from a specimen of the 
same composition with uniform orientation of mica
I., = intensity of the background reflection from the specimen
o
with uniform orientation of mica
The uniform specimen was prepared by setting finely powdered slate 
in polylite. Diffractometer traces were used to locate suitable 
29 values to determine the background adjacent to the peak.
Results
The pattern of preferred orientation of the basal planes of
mu. covite for the Hill End Trough axial plane foliation (figure 2a)
agrees with that observed qualitatively in thin section. It 
consists of an incomplete girdle with a central point maximum 
nine times uniform, th^fnineral streaking lineation being parallel 
to the girdle axis. Transmission profiles along the length of
11
o girdle show that the point maximum has essentially Uniterm 
intensity over about 15° to 20° on either side of the foliation, 
the intensity of nine times uniform is close to that recorded 
by Oertel (1970) for the basal planes of chlorite in a cleaved 
andesitic tuff, from strain analysis of deformed lappili 
Oerrel calculated a shortening of 45^ normal to cleavage and 301 
elongation parallel to a lineation in the cleavage plane, 
However, as the degree of preferred orientation in the Hill End 
Trough slates is dependent partly on the ratio of quartz to mica 
Oertel1s strain results are not directly applicable to these
-V» r\ r\ ** c?
-u n h  •
The girdle is a reflection of the tautozonal arrangement of 
mica about the mineral streaking lineation in the quartz-mica 
domains. The broad central maximum represents the well-oriented 
mica in the mica-rich domains, which anastomose about the mean 
foliation at angles up to 2-0°. The absence of low intensity 
regions reflects the presence of the small amount of randomly 
oriented mica in the quartz-mica domains.
The X-ray results also agree closely with the optical 
microstructure in the South Coast pelites. The differentiated 
layering (sub-type (i)) gives a point maximum of poles to (001) 
at 10 to 15 degrees from the pole to the foliation (figure 2b). 
This reflects the control of the preferred orientation in the 
mica-rich M-domains on the overall preferred orientation. A 
strong point maximum normal to the foliation in the homogeneous 
type (figure 2c) reflects the uniform high preferred orientation
12
oi" (001) of mica. Also as expected, the kinked foliation gave 
ri~e to a broad, short girdle with two point maxima at 20° to 
-5-> from the pole to bedding.
f -ic us si on
.my discussion on the formation of axial plane foliations 
should consider two basic questions, firstly, is the actual 
foliation or cleavage plane of any kinematic or dynamic significance 
in she deformation process, and secondly, is the preferred 
orientation of inequidimensional mineral grains merely incidental 
to an active (cf. Turner <1 heiss, 1963) deformation plane, or is 
it the sole reason for the planar fabric?
Three main theories have been put forward in the literature 
so account for the origin of slaty cleavage:
(i) Slaty cleavage forms by crystallisation and growth of 
layer silicates normal to <r; * or £3* (Rutten, 1955; Brace, 
1959). A more general case of preferred growth of minerals 
with a unique relationship between ^ and a unique 
crystallographic direction has been treated by MacDonald 
(19 50) and by Mamb(l959 , 19 61).
(ii) Slaty cleavage is parallel to the plane of the strain 
ellipsoid containing the maximum and mean strains ( <=, and <2 ) > 
which is not necessarily normal to cr, (Leith, 1905; Leith
and Mead, 1915; Cloos, 1947; Dieterich, 19 69).
(iii) Slaty cleavage forms as a slip structure on planes of 
nig., shear stress or strain (Becker, 1904, 1907; Sander, 1930; 
C-onzalez-Bonarino, 19 60).
loo urjte: <r~ , and are respectively tie greatest, intermediate 
and least principal stresses, and£- , and are respectively 
the greatest, intermediate and least principal axes of strain.
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y? these, the first suggests that preferred orientation of layer 
silicates controls the cleavage, the second merely proposes a 
geometric relationship "between the foliation plane and ehe strain, 
while the third suggests that the mineral orientation is secondary 
to the active role of this plane during tne deformation proceos,
The present discussion will begin with some suggestions as 
to the reasons for the differences between cue two roci{ faoric 
types, and for the variations within the South Coast Belt type. 
ye will then consider separately the possible mica-orienting 
mechanisms and the relationship of the cleavage plane to the stress 
and strain.
1. Differences between the ilicrostructures.
The observed differences between the microsoruccures of one 
two foliations are summarised in Table 1. Paterson and Y/eiss (l9ol). 
considered that the observed structures of a deformed rock are 
the effect of its inherited fabric, its physical properties and 
the imposed stress conditions.
LI os t of the variations within the South Coast Belt are 
attributed to the influence of an inherited fabric and its varying 
response in areas of different sorain.
The presence of a preferred orientation of micas parallel 
to bedding prior to folding in tne South Coasu,Belt rocks is 
indicated by the following observations:
(a) The parallelism of the homogeneous foliation type to oedding.
(b) The coincidence of the enveloping suriace of the kinics to 
bedding.
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(c) Cl he identical senses of asymmetry of bedding and mica
preferred orientation in the differentiated layering. The 
absence of downward facing structures and recumbent fold 
hinges suggests that there was no earlier group of recumbent 
folds such as in the Otago Schists (Means, 1963 and 1966).
The lack of a preserved inherited fabric in the Hill End 
Trough slates accounts for the homogeneity of the microstructure on 
all scales above the microscale. In the South Coast Belt, the 
unusual and varied relationships between mica preferred orientation 
and the actual foliation are attributed to the inherited bedding 
fabric.
The contrast between the predominantly linear microstructure 
of the Kill End slates and the planar microstructure of the South 
Coast rocks is attributed to the different states of strain on all 
scales. On the microscale, most of the shortening normal to the 
foliation appears to be taken up in the mica-rich domains in both 
types of foliation. In the Hill End slates there is the direction 
of maximum extension parallel to the mineral streaking lineation, 
as shown by deformed fossils, pebbles and elongate pyrite cubes. 
Similarity of all thin sections cut parallel to the lineation 
suggests that this component of strain is taken up in all domains.
2. Origin of Mineral Preferred Orientation.
Orientation of the layer silicate grains could have taken place 
by either bodily rotation or some form of recrystallisation or growth 
mechanism. This latter group comprises annealing and/or hot working 
recrystallisation in the metallurgical sense, preferred growth due 
to the elastic and thermodynamic properties of the
15 -
crystal (cf. Kamb, 1959), and other possible mechanisms of 
preferred growth of crystals from their components. In the Hill 
2nd slates, the lack of deformed mica grains, the two domain 
structure and the mica grain shape all argue against a simple 
rotation mechanism, even if the pore fluid pressure was high at 
the time of deformation. However, the evidence is insufficient 
to distinguish between the various growth or recrystallisation 
mechanisms, or even to decide whether the stress or the strain 
was the dominant control over the mechanism. The only relevant 
fact is that the s^rain ellipsoid, as
approximately defined by deformed pebbles and fossils, is parallel 
to the cleavage defined by.distribution and preferred orientation 
of mica.
In the South Coast Belt, the mica preferred orientation 
always lies either parallel to bedding or in the acute angle 
between bedding and the axial plane foliation. The presence of 
kinks in a single M-domain in fold hinges, and a crenulated 
metamorphic layering on some fold limbs is difficult to reconcile 
with a stress (or strain)-induced recrystallisation mechanism. 
Since these and all the other types of preferred orientation can 
be adequately explained by bodily rotation of mica grains from an 
inherited bedding foliation, this mechanism is proposed here.
The most prevalent type of differentiated layering in these rocks 
is also compatible with a rotation mechanism in terms of 
experimental work, where platy minerals are always inclined to 
shear surfaces in cold-worked aggregates (Means and Paterson,
1966; Raleigh and Paterson, 1965), where rotation has been the
16
dominant reorienting process, io accomplish this reorientation 
oy rotation either the fold axis is the axis 01 rotation and 
the principal axis of strain *2 in a pure shear type of deformation, 
or the preferred orientation is developed by rotational strain in 
discrete zones during movement on the axia-i. plane foliation.
The presence of kinks in the \inge areas ox folds is more 
consistent with the former mechanism, out the soaoe of strain is 
probably quite different on the limos, and it would oe speculative 
to wholly discount either mechanism.
C ONO LUSI PITS
1. Contrary to many notions of slaty cleavage (e.g. Maxwell, 1962; 
Ramsay, 1967) neither of the described varieties of axial plane 
foliation is penetrative on the microscopic scale. The apparent 
similarity of the Hill End Trough rocks on the mesoscopic scale 
and macroscopic scale to the classical slate oemos suggests that 
three dimensional description of the microstructures of these rocks 
may reveal similar properties. Many so-called slaty cleavages 
probably possess a complex microstrucLure.
2. The microstructural differences in the two types ox axial plane 
foliations described are attributed to the influence of the inherited 
fabric and some differences in the strain producing a linear micro­
structure in one type and a planar microstructure in the other.
3. Purely morphological analysis of the various kinds ox slaty 
cleavage and foliations in deformed rocks in general as mentioned 
by Rast (1966) does not lead to definite mechanisms ior their
formation. Experimental work involving strains of lower than axial 
symmetry is one of the ways of deciding which mechanism or combin-
~ o-j  .^-P ams is valid.
±7
TABLE 1 : Summary of the significant rnicrostructural
differences between the two varieties of axial 
plane foliation
PROPERTY KILL ELL TROUGH SOUTH COAST BELT
ntage of up to 70$ (rarely 80$) not less than 80$
■ silicates
.ge grain 25 x 15 x 5 microns 20 x 20 x 5 microns
and shapes elongate platelets equidimensional platelets
iant micro- linear planar
tural element
rred orientation a girdle with a centrally an axially symmetric
»01) of mica located point maximum point maximum for the
homogeneous foliation
'ol of the meso- 
c foliation
;ionship of 
.tion to bedding
reflection of the non- 
penetrative microstructure 
and the preferred orienta­
tion of quartz and mica
bedding never strictly 
parallel to the axial 
plane foliation
reflection of the spatial 
distribution of quartz 
and mica rather than 
the preferred orien­
tation of quartz and mica
homogeneous foliation is 
parallel to bedding on 
the limbs of tightly 
appressed folds, the 
other types of foliation 
occur where there is 
discordance
.tion around 
.e folds
.tion within the 
belt
•ited fabric 
mts
none in the general 
nature of the micro­
structure
intensity of preferred 
orientation varies, none 
in general microstructure
no preserved mica or 
detrital grain preferred 
orientation
angle between bedding 
and axial plane 
foliation determines 
foliation morphology
none in area studied
nreferred orientation of 
tOOl) of mica parallel 
to bedding prior to 
folding
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mi -ure Captions
Pi ure 1 : location map and mesoscopic geometry. The stereographic
projections are of heading (S^), foliation (S2 ), fold 
axes and hedding-cleavage intersections (1-,), and 
mineral streaking lineation (Eg). The outlined areas 
represent approximate extents of the two fold belts.
Pi -ure 2: X-ray preferred orientations of mica, (a) (OOl) of
mica from a typical Hill End Trough slate, showing 
the partial girdle normal to Eg, and the approximate 
position of the uniform concentration contour; (h)
{ OOl) of mica from a metamorphically layered pelite 
from the South Coast Belt, (type 1, (i) ); (cj (OOl) 
of mica from the homogeneous foliation (type 2) from 
the South Coast Belt; (cQ (OOl) of mica from the 
kinked foliation (type 3} from the South Coast Belt. 
The orientation of S-, , Sp, L-, and Ip are indicated 
where applicable.
figure 3« Scanning electron microscope photographs of oriented 
fracture surfaces of a typical Hill End Trough slate.
22
Ft gure 3A: Section normal to S? and 10 , showing the mica-rich 
trains surrounding ellipsoidal quartz-mica aggregates. 
Nearly all of the mica is at a high angle to the 
surface, but fanning about the normal to it. X600.
F i g u r e 33: Section normal to Sp and parallel to Lp, showing highly 
oriented mica in the most part, but with a region 
(upper right) where the mica lies at a high angle to 
the cleavage. X6G0.
Figure 32: Section parallel to S9 and Lp, showing the lineation 
("grain") structure. X600.
Figure 4: Scanning electron microscope photographs of oriented 
fracture surfaces of two South Coast Belt rocks.
Figure1A: Differentiated layering normal to S2 and Lq, showing 
the layered structure with randomly oriented mica in 
the quartz-mica domain between the strongly oriented 
mica-rich layers. X600.
*e4B: Homogeneous foliation parallel to S2 , showing the 
strong preferred orientation of mica and the absence of 
a lineation. X600.
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APPENDIX III
COMPUTER PROGRAMME FOR CALCULATION OF RANDOMLY AND 
UNIFORMLY DISTRIBUTED CRYSTAL AXIS POLE FIGURES, 
GIVEN THE DISTRIBUTION OF ANOTHER CRYSTAL AXIS.
(SECTION 7.5).
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